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SUMMARY  OF  ACTWITffiS 


Modeling  and  Predictions  of  Performance: 

The  work  carried  out  under  this  grant  took  as  its  starting  point  results  from 
previous  work  which  predicted  performance  of  PPT  thrusters  based  on 
computational  and  analytic  models.  Each  of  these  models  showed  that  by  using 
propellants  other  than  Teflon,  increases  in  Thrust/Power  and  /or  Specific  Impulse 
were  possible.  For  some  alternate  propellants,  predictions  from  these  models  were 
not  in  agreement,  actually  in  opposition.  The  results  of  this  work  are  described  in 
the  1999  paper.  Accordingly,  the  breakthrough  to  improved  performance  would 
have  to  be  determined  by  experiment. 

Alternate  Propellant  Selection: 

The  range  of  possible  propellants  that  could  replace  Teflon  is  not  that  extensive 
due  to  practical  considerations.  Candidates  examined  included  Cesium,  Lithium 
and  Water.  Practical  operational  difficulties  with  cesium  and  lithium  ruled  them 
out,  but  water  not  only  was  practical,  it  has  exceptional  advantages  in  potential 
availability  in  space  and  on  space  missions.  Interestingly,  predictions  for 
performance  with  water  were  significantly  different  in  each  model  prediction. 

Experimental  Findings: 

To  conduct  these  experiments  with  the  high  accuracy  desired,  a  new  facility  was 
designed  and  constructed  using  available  components  in  the  laboratory  of  the 
PI  (T.  M.  York  replaced  P.  Txirchi  before  the  start  of  contract  work).  So  this  was 
a  no-cost  improvement  to  the  originally  proposed  effort.  Also,  all  diagnostics  used 
were  developed  and  available  from  the  new  PI  Laboratory,  again  enhancing  the 
effort. 

The  new  vacuum  facility  provided  substantially  improved  ambient  vacuum 
conditions 

A  new  precise,  controlled  water  injection  system  was  successfully  developed. 

A  new  thruster  was  constructed  that  allowed  Teflon  propellant  and  water 
propellant  to  be  tested  in  the  same  device.  This  thruster  also  had  significantly 
lower  inductance  which  resulted  in  higher  performance  even  for  the  Teflon 
thruster. 

Important  new  measurements  were  made  of  impact  pressure  in  the  exhaust  flow 
of  the  Teflon  and  water  propellant  thrusters.  Pressure  is  directly  related  to 
momentum  flux,  the  most  important  variable  in  a  thruster.  These  were 
coordinated  with  measurements  from  Langmuir  probes  (electron  density)  and 
magnetic  probes  (Magnetic  pressure  and  current  density).  The  time  histories 
showed  important  differences  between  water  and  Teflon,  with  little  of  a 
secondary  thermal  ejection  of  propellant  in  water. 


To  provide  critical  data  on  actual  thrust  performance,  the  Teflon  thruster  was 
taken  to  NASA  Glenn  Research  Center  (Cleveland,  Ohio)  and  during  a  two- 
.  day  period  thrust  measurements  were  made.  These  have  proven  to  be 
invaluable  in  coordinating  with  local  probe  measurement,  especially  impact 
pressure  in  the  exhaust.  There  has  been  a  failure  to  secure  further  facility 
availability  at  NASA  Glenn  to  conduct  the  all  important  thrust  measurements 
on  the  water  thruster.  Also,  attempts  to  schedule  thrust  stand  measurement  at 
Air  Force  (RL)  facilities  have  also  met  with  failure  to  this  point.  Apparently, 
any  plan  to  make  such  tests  will  have  to  be  abandoned. 

The  experimental  results  show  that  the  water  thruster  operates  with  almost 
100%  electromagnetic  acceleration  of  propellant,  a  long  sought  after  goal. 

This  manifests  itself  in  much  higher  Specific  Impulse  and  Efficiency  for  the 
water  propellant  thruster. 

The  correlation  of  the  experimental  data  with  the  computational  and  analytic 
models  is  not  good.  Obviously,  further  work  would  be  needed  in  order  to 
create  more  reliable  predictors  of  thruster  performance. 

Based  on  the  above  summary  of  findings  during  this  research  effort,  the  goal  of 
achieving  breakthrough  to  optimized  pulsed  plasma  thrusters  has  been  achieved 
within  the  constraints  of  the  grant  agreement. 
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provide  a  summary  of  the  findings  of  a  Ph.  D.  thesis  that  was  completed  under  the 
support  of  this  Grant  are  presented. 
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ABSTRACT 

, .  AjQalytic  models  predict  the  possibility  of  extending  the  range  of  performance 
parameters  of  Pulsed  Plasma  Trusters  ^PT)  by  usiiig  propellants  other  than  the 
traditionally  used  Teflon.  A  theoretical  and  experimental  effort  was  initiated  at  The  Ohio 
State  University  to  inyestigate  the  use  of  alternative  propellants  for  PPT.  Analj^ical  and 
numerical  calculations  (MACH2)  indeed  indicate  a  significant  broadening  of  the 
obtainable  range  of  specific  impulse  and  thrust-to-power  ratios  when  alternative 
propellants  such  ^  lithium  of  Water  are  utilized.  Consequently,  in  an  epDii  to  investigate 
changes- in  physical  phenomena  and  thruster  performance  expefiirientally,  a  hybrid 
thruster  was  designed  and  built,  facilitating  the  use  of  alternatively  water  or  Teflon.  The 
thruster  design  includes  a  imique  water  propellant  feed  system,  allowing  the  supply  of  the 
water  propellant  without  detrimentally  "effecting  the  inherent  simplicity  of  the  PPT 

systerh; ■  -  ;  A  ‘  '  a  - 

.  The  thruster  operation  and  performance  was  investigated  by  several  different 
diagno^ic  methods,  including  current  md  voltage  measurements,  Laiigmuir  probes,  and 
magnetic  field  probes.  Furthermore,  impact  pressure  measurements  in  the  plume,  of  the 
thiruster  allowed  new  .insight  into  the  plume  structure  and  the  accurate  evaluation  of 
impulse  bits.  Employment  of  the  diagnostic  methods  for  Teflon  and  water  propellant 
enabled  the  unamhigdus  identification  of  propellant  related  effects  such  as  reduced 

electron  temperature  and  higher  exhaust  velocites  m  the  case  of  water  propellant. 

■  .  ii  •  ■  .  •  ■  ■  .  ■ 


,  The  electromagnetic  nature  of  the  water  thruster  was  clearly  identified.  For  30  J 
discharge  energy,  the  water  thruster  requires  only  5%  of  the  mass  bit  of  a  Teflon  thruster 
to  produce  an  impulse  bit  30%  of  the  magnitude  of  the  Teflon  thruster,  suggesting  greatly 
increased  propellant  efficiencies.  In  agreement  with  the  plasma  diagnostic  results,  a 
specific  impulse  for  the  water  thruster  of  up  to  8000  s  and  efficiencies  of  up  to  16%  were 
evaluated.  .  '  .  ' 


9.8  Performance  Evaluation  and  Comparison  with  the  Analytic  and  Numerical 
Models 

.  Thruster  performance  can  be  evaluated  with  the  mass  bit  known  from  Chapter  7 
and  the  above  presented  impulse  bit  values  based  on  the  impact  pressure  measurements. 
The  following  standard  equations  are  utilized  to  calculate  the  specific  impulse  Tp  and 
efficiency  T]: 

4=^^  (?-4) 


■  2-E-m^ 


.  (9.18) 


with  earth’s  gravitational  acceleration,  g=  9.81  m/s^,  the  discharge  Energy,  E,  and  the 


'  average  mass  bit,  .  The  results  of  these  calculations  are  summarized  in  Table  9.6. 


In  general,  the  performance  parameters  for  the  thruster  using  Teflon  compare  very 
well  to  simile  thruster  types.  For  comparison,  the  EO-1  has  a  specific  impulse  of  1400  s 
at  56  j  discharge  einefgy  with  a  thruster  efficiency  of  8%.  The  unusually  low  ablation  rate 
for  the  10  J  c^e  js  attributed  to  an  observed  slight  carbonization  of  the  Teflon  ablation 
surface  (see  Chapter  7). 

The  specific  impulse  and  the  efficiencies  for  water  are  several  factors  higher  than 
for  Teflon,  This  result  is  attributed  to  a  more  efficient  coupling  of  energy  into  the  plasma, 
the  lower  average  mo!  weight  for  water  (6g/mol)  compared  to  the  average  mol  weight  of  , 
Teflon  (3 1  g/mol),  and  to  the  controlled  suppl}-  of  the  mass  bit  in  the  case  of  the  water 
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thruster,  avoiding  therefore  the  significant  late  time  mass  losses  inherent  in  Teflon' 
thrusters. 

The  impulse  bit  values  given  in.  Table  9.6  are  based  on  the  impulse  bit 
measurements  md  the  correction  factor  calculated  for  Teflon  (Chapter  9.5).  As  outlined 
in  Chapter  9.6,  the  higher  Mach  number  for  the  lyater  case  mdicates  a  higher  correction 
factor  for  water.  This  would  imply  that  the  impulse  bit  values  for  water,  as  given  in 
,  Table-9.6,  underestimate  the  correct  value. . 


.Table  9.6:  Thriister  performance  for  the  water  and  Teflon  mode 


.  Fig.  9.12  summarizes  the  thrust-to-power  ratios  for  the  Teflon  and  water  thruster 
as  a  ftinctibh  of  the  specific  impulse  as  predicted  by  MACH2,  the  analytic  model;  and 
those  found  experimentally.  Also  included  is  the  degree  of  ionization  ^  predicted  by  . 
MACH2  ^d  assumed  by  the  analytic  model  respectively. 
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Fig.  9.12:  Comparispii  of  thrust-to-power  rations  prediction  j&om  MACH2  and  the 


idealized  anal^c  model  with  experirnental  result?  ' 


.  Certain  important  “operational”  conditions  m  the  theoretical  caleulattions,  such  as 
•  discharge  energy,  and  current  waveform,  differ  significantly  jfrorn  those  present  in  the 
.  experiments.  For  example,  while  the  discharge  energies  for  the  experiments  in  the  present 
;  work  varied  between  10  and  30  Joules,  they  were  in  excess  of  100  Joules  for  the  MACH2 
and  the  analytic  model  calculations.  Howeverf  exploiting  the  linear  dependency  of  the 
thrust-to-power  ratios  to  the  discharge  energy,  the  results  from  the  analytic  and. numeric 
calculations  can  be  scaled  downto  the  energies  present  in  foe  experiment  (see  Fig.  9-12)  . 
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The  experimental  values  for  water  and  Teflon  show  an  anticipated  trend,  namely 
higher  specific  impulse  for  the  lower  average  molecular  weight  propellant.  A  comparison 
between  the  specific  impulse  values  for  water  and  Teflon  demonsfrates  the  potential  of 
the  water  fed  Pulsed  Plasma  Thruster.  Water  shows  an  improvement  in  specific  impulse 
of  more  than  a  factor  6  compared  to  the  Teflon  case.  This  translates  into  a  signific^t 
reduction  of.  the  required  amount  of  propellant  or,  alternatively,  into  an  increase  of 
lifetime  expectancy  for  a  satellite  system. 

.  ,  The  results  fl'om  MACH2  and  the  anal3^ic  model  agree  with  each  other  for 

Teflon,'  but  not  for  .water:  As  discussed  earlier^  this  is  partially  attributed  to  the 
inadequacy  of  assumptions  made  in  the  developrnent  of  the  analytic  model  (see 
discussion  in  Chapter  4).  The  high  thrast-to-power  ratio/low  specific  impulse, predictecl- 
by  MACH2  for  water  in  comparison  to  that  for  Teflon  might  be  attributed  to  the  . 
numerical  modeling  of  the  propellant  feed.  MACH2  models  the  water  “ablation”  in  a  ;■ 
fashion  sirhilar  to  the  case  of  Teflon,  only  with  different  material  properties. 

•  '  As  mentioned  above,  a  comparison  between  both  the  nurherical  and  ^alytic 
results  with  the  experiniental  ones  is  complicated  by  rignific^tly  different  conditions.  A  ■ 
more  detailed  and  accurate  comparison  between  experimental  results  and  those  predicted, 
by  MACH2  would  require  changing  the  input  parameters  for  MACH2,  such  as  the  , 
discharge  current  waveform  and  discharge  energy,  to  match  the  present  experiment. 
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9.9  Summary 

-A  comprehensive  investigation  of  a  Pulsed  Plasrna  Thruster  using  water  as 
propellant  has  been  conducted.  The  dominant  acceleration  processes  were  identified  and 
compared  to  a  thruster  usiiig  the  traditional  Teflon  propellant.  Magnetic  field 
measurements  have  proven  the  electromagnetic  nature  of  the  PPT  using  water.  By 
employing  . an  impact  pressure  probe,  the  impulse  bit  of  the  water  PjPT  wa.s  evaluated.  The 
accuracy  of  this  unique  method  was  verified  with  a  Teflon  thruster  by  comparing  impulse 
bit  measurements  conducted  on  a  thrust  stand  at  the  NASA  Glenn  Research  Cente:r  with 
the  impulse,  bh  derived  from  hnpact  pressure  measurenients  in  the  plume.  These 
measurements  again  confirm  the  electromagnetic  nature  of  the  water  PPT. 

It  was  found  that  the  observed  lower  discharge  currents  for  the  water  thruster,  in 
comparison  with  the  Teflon  thruster,  are  due  to  a  decrease  in  plasma  conductivity. 
However,  in  spite  of  the  lower  discharge  currents,  it  was  shown  that  the  exhaust  velocities 
for  the  water  thruster  exceeded  those  of  the  Teflon  thruster.  Evaluation  of  the  rate  of 
change  in  magnetic  field  and  the  associated  current  density  has  shown  that  the  current 
sheet  in  the  case  of  the  water  thruster  has  significant  higher  velocities,  explaining  the 
observed  higher  exhaust  velocities.  A  comparison  of  the  energy  deposited  into  resistive 
heating  of  the  plasma  for  water  and  Teflon  showed  that  much  more  energy  per  unit  mass 
of  propellant  is  utilized  for  means  of  acceleration  in  the  case  of  water,  explaining  partially 
the  experimentally  evaluated  higher  exhaust  velocities.  .  - 

The  following  simple  calculation  demonstrates  the  improved  propellant  utilization 
efficiency  of  the  water  thruster:  the  indicated  peak  exhaust  velocities  for  Teflon  and  water 
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are  on  average  around  50  km/s  and  80  km/s,  respectively.  Using  these  velocities  and  the 
evaluated  impulse  bits,  one  can  evaluate  the  mass  bits  necessary  to  produce  the  observed 
impulse  bit.  For  Teflon  (30  J  discharge  energy)  this  results  in  a  necessary  mass  bit  of 
9p.g/discharge.  This  is  only  25%  of  the  total  mass  loss  per  discharge,  a  result  which 
correlates  well  with  estimates,  made  previously^  and  indicates  poor  propellant  utilization 
efficiency.  On  the  otiher  hand,  repeating  this  calculation  for  water.  One  obtains  a  value  of 
2  jug/discharge,  agreeing  well  with  the  measured  mass  flow  of  1.64  |Lig/discharge  and 
indicating  therefore  vastly  improved  propellant  utilization  efficiency.  \ 

A  performance  evaluation  for,  the  water  thruster  was  conducted  and  compared 
with  the  thruster  using  Teflon  as  propellant.  A  significant  increase  in  specific  impulse, 
combined  with  efficiencies  nearly  a  factor  of  2  higher  than  for  the  Teflon  thriister, 
emphasizes  the  potential  of  water  as  propellant  for  Pulsed  Plasnaa  Thrusters  in  general 
and  the  value  of  the  developed  water  PPT  in  particular. 


CHAPTERIO 

'  CONCLtJSifONS ,  .  ■ 

Experimental  eflForts  were  initiated  to  investigate  physical  phenomena  and  the 
performaiice  of  a  Pulsed  Plasma  Thruster  utilizing  water  as  propeliahtl  A  hybrid  Pulsed 
Plasma  Thruster  was  designed,  fabricated,  and  subsequently  investigated.  ,  I^is  thruster 
.type  can  utilize  edtemh^vely  water  or  Teflon  without  major  changes  in  thruster  geometry 
of  circuitry.  ■ 

•  :  A  unique  propellant  feed  system  was  developed  in  order  to  supply  the  discharge 

wilh  the  necessary  amount  of  prdpeliant.  The  feed  system  employs  a  Passive  Flow  -' 
Control  (PFC)  concept  based  on  the  difiusion  of  the  water  propellant  through  a  porous 
ceramic  inlay.  Studies  have  been  performed  to  investigate  different  porous  materials  with 
'.regard  to  their -suitabilily  and  the  influence  of  their  geometry  on  the  obtained  mass  flow  ■ 
rate.  ■■  ‘ 

Synchroriization  issues  between  triggering  the  rnaifi  discharge  and  supplying  the 
propellant  were  avoided  by  supplying  the  water  into  the  vicinity’  of  the  spark  plug,  from 
where  it  is  delivered  into  the  acceleration  channel  upon  triggering  the  spark  plug, 
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Extensive  diagnostics  were  performed  to  investigate  unambiguously  the  influence 
of  utilizing  water  as  propellant  for  a  PPT  by  direct  comparison  of  the  measurement 
results  obtained  for  Teflon  with  those  obtained  with  water. 

A  unique  method  to  evaluate  the  irnpulse  bit  of  the  PPT  by  measuring  the  impact 
pressure  in  the  plume  was  developed.  The  accuracy  of  this  method  was  verified  by  direct 
comparison  with  impulse  bits  measured  on  a  thrust  stand  at  the  NASA  Glenn  Research 
Center.  Magnetic  field  measurements  and  the  performed  anal3dics  have  clearly  shown 
that  the  water  thruster  i?  indeed  an  electromagnetic  .  thruster.  Time-of-FIight 
measurements  employing  Langmuir  probes  and  pressure  probes  have  shown  that  the 
velocity  of  the  expelled  water  plasma  is  a  factor  of  1 .5  to  2  higher  than  observed  in  the 
Teflon  case,  although  the  discharge  cuirents  in  the  water  case  are  around  40%  lower. 

Evaluation  of  the  plasma  conductivity  disclosed  the  reason  for  the  low  discharge 
currents  inherent  in  the  water  thruster:  the  water  discharge  exhibits  a  plasma  conductivity 
about  a  factor  of  3  -  4  lower  than  in  the  case  of  Teflon.  The  reasons  for  Ihe  lower 
conductivity  are  yet  unknown  and  require  further  investigation.. 

In  spite  of  the  lower  discharge  currents,  the  measurements,  of  all  the  employed 
diagnostic  methods  show  consistently  higher  exhaust  velocities  obtained  with  water  in 
comparison  with  Teflon,  due  to  a  more  efficient  deposition  of  energy  into  kinetic  energyi 
This,  along  with  the  apparent  prevention  of  late  time  mass  losses,  results  in  a  superior 
performance  of  the  water-fed  Pulsed  Plasma  compared  to  a  Teflon  thruster. 
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Abstract 

An  idealized  model  in  conjunction  with 
simple  numerical  analysis  has  been 
developed  to  provide  physical  insights  and 
guidance  toward  design  of  consistently 
efficient  PPTs.  In  addition,  the  model 
proposes  directions  for  expanding  the  PPTs 
mission  capabilities  by  proper  propellant 
variations.  The  magnetohydrod3mamics  code 
MACH2  has  been  utilized  to  refine  the 
aforementioned  insights.  Four  different 
propellants  -  Teflon®,  water,  lithimn  and 
cesium  -  were  examined  under  optimal 
current  waveforms  that  will  minimize  the 
well-known  mass  inefficiencies.  The 
analysis  shows  that  indeed,  the  concept  of 
propellant  variations  offers  a  wider  envelope 
of  available  Thrust-to-Power  ratios  and  thus 
a  higher  level  of  mission  applicability  for 
the  pulsed  plasma  thrusters. 

Introduction 

The  well  known  advantages  of  pulsed 
plasma  thruster  (PPT),  like  its  simplicity, 
robustness  and  ability  to  operate  in  Ae  low 
energy  regime  are  counterbalanced  by  its 
very  low  efficiency.  This  efficiency 
degradation  has  been  attributed  to  poor 
propellant  utilization  in  conjunction  with 
non-optimal  circuit  design*.  Specifically, 
post-pulse  mass  losses  are  substantial  and 
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since  they  escape  with  low  thermal  speeds 
they  decrease  the  overall  specific  impulse 
and  thrust  efficiency.  In  order  to  improve  the 
PPT’s  efficiency  and  expand  its  mission 
capabilities,  this  late  mass  loss  needs  to  be 
eliminated  and  design  directions  for  variable 
thrust-to-power  ratios  needs  to  be  proposed. 
A  recently  developed  idealized  model  (CM), 
describing  the  ablation  and  acceleration 
processes  in  a  PPT,  in  conjunction  with  a 
model  for  the  production  of  late  time  masses 
is  utilized  to  guide  such  directions^ 

One  possibility  to  gain  a  broader  range  of 
thrust-to-power  ratio  and  therefore  increase 
the  mission  capabilities  of  PPTs  is  the  use  of 
propellants  other  than  Teflon®.  The 
idealized  model  was  used  to  find  the 
optimum  current  wave  form  in  terms  of 
magnitude  and  pulse  duration  for  four 
different  propellants:  Teflon®,  Water, 
Lithium,  Cesium.  Using  the  results  of  the 
idealized  model,  a  full  blown 
magnetohydrodynamic  code,  MACH2^’‘*, 
was  used  for  verification. 

Idealized  model 

For  easier  accessible  solutions  of  the 
ablation  and  acceleration  processes  in  PPTs, 
an  idealized  model  was  developed.  The  core 
of  this  model  is  the  assumption  of  the 
existence  of  two  distinguished  points  in  the 
flow  of  a  PPT:  A  sonic  point,  adjacent  to  the 
propellant  surface  and  a  magnetosonic  point 
further  downstream.  By  assuming  a  one¬ 
dimensional  quasi-steady  plasma  flow  with 
low  ratios  of  thermal  to  magnetic  pressure, 
Oow  P),  it  can  be  shown  that  a  point  in  the 
flow,  called  the  magnetosonic  point,  exists 
where  the  flow  velocity  equals  Alfven’s 
wave  speed  given  by 
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(1) 


with  the  density  p,  and  the  magnetic  field  B. 
Starred  quantities  refer  to  the  magnetosonic 
point.  Under  the  assumptions  stated  above, 
the  conservation  of  mass,  momentum  and 
energy  can  be  written  like 

m  =  p*  ’U*  •  A 

(2) 


r 


m\ 


h  +  u 


V 


dx 
du  ^ 
dx 


E-A  dB^ 


p  dx 


with  the  flow  velocity  u,  the  specific 
enthalpy  h,  the  current  density  j,  the  constant 
chaimel  area  A,  the  constant  electric  field  E, 
and  X  as  the  direction  of  the  flow. 
Substituting  -  given  by  Ampere’s  law  - 
into  the  equation  for  conservation  of 
momentum  and  integrating  from  stagnation 
point  to  the  magnetosonic  point  results  in  an 
expression  for  the  mass  flow 

l-p^m-u  =a\^1-B*^)  (3) 

Further  substitution  of  the  mass  flow  rate, 
given  by  the  conservation  of  mass,  into 
eq.(3)  shows  the  following  proportionality 
between  the  magnetic  fields  at  the 
magnetosonic  point  and  at  the  stagnation 
point: 

B*  1 

where  the  index  (o)  refers  to  quantities  at  the 
stagnation  point.  Combining  this 
proportionality  with  eq.(2)  and  with  the  flow 
velocity  given  by  eq.(l),  gives  the  mass  flow 
rate  due  to  the  magnetosonic  condition  as 

A.B]  _A-p.f 


- V  =  — (5) 

3-p-u  3‘d^-u 

with  the  discharge  current  density  j  and  d  the 
gap  between  the  electrodes.  Integrating  the 
conservation  equation  of  energy  firom  the 
stagnation  point  to  the  magnetosonic  point 
results  in 


m-h„  + 


A{E-B\ 

P 


■  m 


•2^ 


P 


(6) 


In  the  additional  limit  of  high  magnetic 
Reynolds  numbers  at  the  magnetosonic 
point,  we  can  write  for  the  magnetosonic 
velocity 

u  =  J4=-^  =  1.468V^  (7) 

VV3-1.5 

Since 

h*-h^:=Ah^Cp-T*  +  (eJ  (8.1) 

and  if  we  assume  that  energy  deposition  to 
ionize  dominates  contribution  to  the  thermal 
internal  energy  and  p(dv)-  work,  i.e. 

Cp-T*«£,  (8.2) 

then  u*,  the  speed  at  the  magnetosonic  point, 
tends  to  remain  fixed  and  proportional  to 
Alfven  critical  speed 

«cWr=V^  (9) 

and 


M*  =1.468. (10) 

We  can  therefore  rewrite  the  mass  flow  rate 


m  =  - 


4.404 -d^-u. 


(11) 


Equation  (11)  implies  that  the  mass  flow 
rate,  based  on  the  magnetosonic  condition,  is 
a  function  of  the  material  properties,  the 
thruster  geometry  and  the  operating  current 
level. 

Similarly,  we  can  express  the  mass  flow  rate 
in  terms  of  conditions  at  the  thermal  sonic 
point  adjacent  to  the  propellant  surface. 
Assuming  steady  state  flow  of  an  ideal  gas, 
the  mass  flow  rate  based  on  sonic  conditions 
can  be  written  as  a  function  of  the  pressure 
Pa  and  temperature  Ta  at  the  sonic  point 


where  R  is  the  specific  gas  constant.  The 
conservation  of  momentum  and  energy 
relates  the  surface  pressure  ps  and  surface 
temperature  Tj  to  the  condition  at  the  sonic 
point  with 


2-T 

Y  —  -y 


1+7 


(13) 

(14) 
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Substituting  eq.  (13)  and  (14)  into  eq.(12), 
and  setting  the  surface  pressure  equal  to  the 
equilibrium  vapor  pressure  results  in  an 
expression  for  the  mass  flow  rate  based  on 
the  sonic  point  assumption 

m  =  A- p  \—. - ^ -  (15) 

with 

P^=C,-e^‘  (16) 

where  Ci  and  C2  are  material  dependent 
constants  that  can  be  found  empirically.  By 
setting  eq.(ll)  and  (15)  equal,  the  propellant 
surface  temperature  can  be  calculated 
iteratively  based  on  the  magnetosonic  and 
sonic  conditions.  The  surface  temperature 
can  than  be  used  as  boundary  condition  to 
solve  the  heat  equation  and  find  the 
temperature  distribution  in  the  propellant 
slab. 

Optimization 

The  following  model  aims  to  quantify  the 
late  time  mass  losses  by  including  two 
different  effects:  (i)  the  existence  of  a 
portion  of  propellant  already  evaporated, 
but,  at  the  moment  of  current  termination, 
still  inside  the  thruster  and  (ii)  late-time 
evaporation  between  two  pulses  due  to  the 
elevated  temperature  of  the  propellant  slab. 
While  the  first  depends  on  the  thruster 
geometry  and  the  plasma  density  in  the 
moment  of  discharge  termination,  the 
mechanism  of  the  second  can  be  explained 
quantitatively  as  follows:  Assuming  an  ideal 
square  wave  discharge  current,  then 
according  to  the  idealized  model  (eq.(ll)), 
the  required  mass  to  sustain  the  discharge 
varies  linearly  with  time.  The  depth  of  the 
heat  flux  from  the  plasma  into  the  propellant 
scales  as  the  square  root  of  time  (see  fig.  1). 
These  two  statements  are  equivalent  to  the 
two  curves  depicted  in  fig.  2.  Hereby  is 
dfiv/DC  the  thickness  of  the  layer  which  is 
elevated  above  decomposition- 
/evaporization-  temperature  and  dsM  the 
equivalent  to  the  amount  of  mass  required 
by  the  discharge.  At  a  certain  time,  in  the 
following  called  the  optimum  pulse  time  topt 


,  these  two  curves  intersect  with  each  other. 
If  the  current  pulse  ends  before  reaching  this 
optimum  pulse  time,  the  temperatxire  of  a 
certain  amount  of  propellant  is  elevated 
above  evaporation/decomposition 

temperature.  This  part  of  gaseous  propellant 
will  thus  exhaust  at  low  thermal  velocities 
and  therefore  minimally  contribute  to  the 
impulse  bit,  thus  degrading  thruster 
efficiency.  To  utilize  the  propellant  more 
efficient  the  current  pulse  has  to  be  adapted 
in  magnitude  and  in  duration  to  the  material 
properties  of  the  propellant. 


Fig.l:  Schematic  of  a  PPT  with  the  two  depths 
dEv/DC  and  dsM,  the  surface  temperature  Ts  and 
evaporation/decomposition  temperature  Tev/dc 


Time  [arbitraiy  units] 

Fig.2:  Required  depths  to  sustain  the  discharge 
and  mass  elevated  above  vaporization 
temperature 

Based  on  the  idealized  model  described 
above  a  simple  numerical  code  was 
developed  to  solve  eq.(15)  for  the  surface 
temperature.  Based  on  this  temperature  the 
temperature  distribution  in  the  propellant 
slab  was  evaluated  and  the  optimum  pulse 
times  were  calculated^. 

Using  the  optimum  pulse  times  calculated 
hereby  as  a  starting  points,  the  full  blown 
magnetohydrodynamic  code  MACH2  was 
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used  in  order  verify  the  idealized  model  and 
eventually  refine  the  results.  The  results  of 
this  comparison  are  presented  in  the  next 
chapter. 

Analytic  and  numeric  results 
The  idealized  model  and  the  pulse 
optimization  procedure  were  invoked  for 
four  different  kinds  of  propellants:  Teflon®, 
water,  lithium,  and  cesium.  Including 


Teflon®  allows  comparisons  of  the 
traditional  propellant  Teflon®  with  other 
potentially  advantageous  alternatives.  Water 
is  especidly  interesting  in  combination  with 
In-Situ-Propellant-Production  [4],  lithium 
and  cesium  can  offer  offer  a  wider  envelope 
of  the  feasible  Thrust-to-Power  ratio  due  to 
their  special  individual  material  properties. 
Some  material  properties  are  summarized  in 
table  1. 


Mass 

[amu] 

ionization 

energy 

_ [gV] . 

2^^  ionization 
energy 
[eV] 

Thermal 

diffusivity 

[m^/s] 

Heat 

capacity 

[J/kgKl 

Heat  of 
Vaporization 
[J/kg] 

Density 

[ke/m^l 

Teflon® 

100 

92.2 

280.9 

1.28*1  O’'' 

1250 

Water 

18.02 

40.8 

75.9 

1.47*10’" 

4179 

■sEjliUilS 

Lithium 

6.94 

5.39 

81.0 

fcJtEiiPMI 

3600 

2.1*10" 

530 

Cesium 

132.9 

3.89 

27.1 

240 

5.1*10^ 

1870 

Tab.l:  Material  properties  for  the  investigated  propellants 


Refinement  of  the  idealized  model  by  use  of 
the  MACH2  code  allows  to  include  several 
features  which  could  not  be  treated  as 
sophisticated  in  the  idealized  model.  While 
the  results  of  the  idealized  model  are  based 
on  a  defined  degree  of  ionization,  MACH2 
provides  through  its  extensive  SESAME 
library  of  thermodynamic  properties  the 
possibility  to  calcidate  the  real  degree  of 
ionization.  Additionally,  MACH2  also  offers 
the  possibility  to  define  and  fix  the  degree  of 
ionization.  In  the  following,  both  options  - 
ideal  gas  assumption  with  fixed  degree  of 
ionization  and  real  equation  of  state  (EOS) 
models  -  were  used.  Only  the  results  of 
MACH2  gained  with  feed  ionization 
'  degrees  allow  a  direct  comparison  with  the 
results  of  the  idealized  model.  The  rigorous 
optimization  procedure  however,  invoked 
the  complete  MACH2  capabilities  with  real 
EOS  models. 

A  further  important  difference  was  the  after¬ 
pulse  treatment.  While  MACH2  is  able  to 
treat  the  clearing  out  of  the  plasma  after  the 
termination  of  the  discharge  realistically,  in 
the  idealized  model  it  was  assumed  that  the 
plasma  leaves  the  thruster  in  a  finite  time 
(around  Ips)  and  the  heat  flux  into  the 
propellant  slab  decays  linearly  to  zero  in  the 
same  time. 


Teflon 

Initial  comparisons  with  the  MACH2  results 
and  the  predictions  of  the  idealized  model 
were  already  discussed^  These  findings 
could  be  confirmed  for  a  broader  range  of 
discharge  currents  (10-40  kA).  The  values 
for  the  mass  flow  rate  in  table  2  are  for  a 
discharge  current  of  30  kA. 


m 

[kg/s] 

♦ 

U 

[km/s] 

Mach2 

IM 

Mach2 

IM 

Teflon®  (Z-1) 

- 

0.019 

— 

19.6 

Teflon®  (Z=2) 

- 

0.011 

34.1 

Teflon®(Z=2.1) 

0.0115 

- 

31.5 

~ 

H2O  (Z=l) 

0.0118 

0.012 

29.3 

30.6 

H2O  (Z=2) 

0.0094 

0.009 

40.2 

41.8 

R2O  (Z=1.6) 

0.0174 

— 

22.3 

Li  (Z=l) 

0.0067 

0.021 

52.8 

18.0 

Li  (Z=2) 

0.0052 

0.0052 

70.0 

69.6 

Li  (Z=2.15) 

0.0031 

— 

120.8 

— 

Cs  (Z-1) 

0.128 

0.43 

12.0 

3.5 

Cs  (Z=2) 

0.127 

0.589 

13.0 

9.2 

Table  2:  Comparison  between  the  idealized 
model  (IM)  and  MACH2  results 


Water 

Using  water  as  a  propeUant  for  PPT  might 
open  many  opportunities  in  the  future. 
Water  seems  to  be  abundant  on  comets, 
Jupiter’s  moon  Europa  and  even  on 
asteroids.  The  availability  of  essentially 
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unlimited,  extraterrestrial  amounts  of 
propellant  enables  missions  which  have 
been  impossible  to  accomplish  before  due  to 
their  high  Av  requirements^.  Therefore,  it  is 
important  to  have  a  good  understanding  how 
PPTs  might  work  with  water  as  propellant. 
The  numerical  calculations  for  both,  singly 
and  doubly  ionized  water  showed  good 
agreement  with  the  predictions  of  the  IM. 
This  changed  significantly  when  the  ideal 
gas  assumption  was  replaced  by  the 
SESAME  data  tables.  Since  the  average 
degree  of  ionization  in  a  location  around  the 
magnetosonic  point  for  a  20  kA  discharge  is 
1.6,  a  value  between  the  predicted  0.012 
kg/s  for  Z  =  1  and  the  0.009  kg/s  for  Z  =  2 
(see  table  2)  was  expected.  However  a  mass 
flow  rate  of  0.0174  kg/s  was  calculated.  The 
reason  for  this  was  found  is  the  failing  of 
one  basic  assumption  in  the  derivation  of  the 
idealized  model.  For  evaluating  the  mass 
flow  rate  is  was  assumed  that  the  enthalpy 
change  between  the  stagnation  and  the 
magnetosonic  point  is  consists  mainly  of  the 
specific  ionization  energy  (see  eq.(8)).  This 
assiunption,  though  true  in  the  case  of 
Teflon®  fails  in  the  case  of  water  with  EOS 
(see  table  3,  H2O  with  Z=1.6).  The  CpT-term 
which  was  neglected  at  this  place  in  the 
derivation  (see  eq.(8)  -  eq.(ll))  is  in  some 
cases  higher  than  the  specific  ionization 
energy.  In  general  it  was  found  that  the 
overall  idealized  model  scaling  with  Alfven 
critical  velocity  is  valid  as  long  as  the 
specific  ionization  energy  £i  ~  CpT  or  better, 
Ei  >  CpT  (see  table  2  and  3). 


Material 

' 

Teflon 

®,  Z«2.1 

>1.69 

H,0, 

Z  =  1 

1.05 

HjO, 

Z  =  2 

1.26 

H2O, 

Z«1.6 

<0.66 

Li, 

Z  =  1 

0.17 

Li, 

Z  =  2 

1.52 

Li, 

Z  =  2.15 

>  1.42 

Cs, 

Z  =  1 

0.09 

Cs , 

Z  =  2 

0,51 

Table  3:  Ratios  of  specific  ionization  energy  to 
the  thermal  static  specific  enthalpy,  CpT,  at  the 
magnetosonic  point 


Lithium 

Lithium  is  an  alkali  earth  metal.  It  requires 
special  precautions  in  handling  but  might 
offset  this  disadvantage  by  its  high  specific 
second  ionization  energy  Ei  resulting  in  a 
very  high  specific  impulse.  The  high  thermal 
diffusivity  and  the  very  low  equilibrium 
pressure  curve  -  relative  to  Teflon®  -  caused 
numerical  difficulties.  It  was  necessary  to 
start  with  an  initial  temperature  distribution 
above  the  evaporation  temperature  in  a  small 
layer  of  the  propellant  (about  2%  of  the  total 
layer).  Without  such  an  artificial  initial 
temperature  layer,  operation  resulted  in  a 
discharge  travelling  away  from  the  surface 
(slug-mode)  due  to  the  lag  of  ablating 
material.  However,  the  influence  on  steady 
state  conditions  is  assumed  negligible  since 
the  chosen  initial  temperature  drops  already 
after  around  0.5  ps  .  well  below  the 
vaporization  temperature.  Still,  the  achieved 
densities  of  ablated  material  during  a  run 
were  m  general  low.  This  results  in  a 
relative  high  temperatiue  plasma  with 
relative  high  ionization  degrees  around  the 
magnetosonic  point  of  at  least  2.1  over  a 
broad  range  of  discharge  currents  (20  -  70 
kA).  MACH2  results  imply  that  ablation-fed 
lithium  PPTs  will  always  operate  with 
doubly  ionized  propellant  in  this  regime  of 
energy  levels.  However,  to  investigate  the 
prediction  of  the  IM,  MACH2  runs  were 
conducted  with  fixed  ionization  degree  of 
one  and  two.  For  a  ionization  degree  of  two, 
acceptable  agreements  between  analytic  and 
numerical  results  were  found.  The  numerical 
results  in  terms  of  mass  flow  rate  and  power 
consumption  are  sUghtly  lower  then 
predicted  by  the  analytics.  In  general,  the 
higher  the  ^scharge  current,  the  higher  the 
deviations  from  the  predictions.  For  a 
discharge  current  of  30  kA  the  deviations 
are  around  -1%,  for  70  kA  around  -16%. 
Even  higher  deviations  were  found  in  the 
case  of  singly  ionized  lithium.  This  is  true 
because  of  the  same  reason  as  in  the  case 
with  water.  The  CpT-  term  is  getting  close  to, 
or  even  higher  than  the  specific  ionization 
energy,  which  hurts  the  assumption  that  the 
specific  ionization  energy  dominates  the 
change  in  flow  enthalpy. 
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Letting  MACH2  calculate  the  degree  of 
ionization  instead  of  fixing  it,  resulted  in 
general  in  a  degree  of  ionization  slightly 
above  2  at  the  magnetosonic  point.  In  the  30 
kA  case,  (see  table  2),  the  ionization  degree 
was  2.15.  At  this  conditions  the  specific 
ionization  energy  was  higher  th^  the  CpT 
term  and  the  assumption  of  specific 
ionization  energy  dominating  the  enthalpy 
change  in  the  flow  is  valid. 

Since  the  de^ee  of  ionization  is  not  exactly 
one  or  two,  a  direct  comparison  with  the 
idealized  model  is  not  possible  anymore. 
However,  a  qualitative  judgement  of  the 
results  is  possible.  According  to  the 
idealized  model  a  higher  degree  of 
ionization  results  in  a  lower  mass  flow  rate 
and  higher  magnetosonic  velocities. 
MACH2  confirms  these  trends.  A  summary 
of  some  results  is  given  in  table  2  and  3. 


The  results  of  the  MACH2  simulations 
showed  neither  for  singly  ionized  nor  for 
doubly  ionized  cesium  good  agreements 
with  Ae  predictions  of  the  idealized  model. 
In  case  of  singly  ionized  cesium,  the  mass 
flow  rates  were  more  than  300%  lower  and 
the  power  consumption  nearly  400%  higher 
than  predicted  by  the  analytics.  Better 
agreements  were  gained  for  doubly  ionized 
cesium.  However,  the  mass  flow  rate 
calculated  by  MACH2  was  still  about  30% 
lower  and  a  power  consumption  about  50% 
higher  than  predicted.  It  was  found  that  the 
reason  for  these  bad  agreements  is  the  same 
as  in  the  case  of  water  and  lithium.  The 
specific  ionization  energy  is  not  anymore  the 
main  enthalpy  change  between  the 
stagnation  and  the  magnetosonic  condition. 
Instead  deposition  of  energy  to  the  thermal 
internal  modes  dominates  (see  table  3). 


Cesium 

Cesium  is  like  lithium  an  alkali  earth  metal. 
Due  to  his  low  ionization  energies  and  high 
atomic  mass  it  already  was  used  as 
propellant  for  ion  engines.  Due  to  its  high 
atomic  mass  it  provides  the  highest  Thrust- 
to-Power  ratios  of  aU  the  here  discussed 
propellants.  Cesium  is  not  included  in  the 
SESAME  tables.  Therefore,  only  idealgas 
simulations  with  fixed  degree  of  ionization 
of  one  and  two  were  conducted  at  discharge 
currents  of  60  kA.  Lower  discharge  currents 
lead  to  unreasonably  expensive 
computations  due  to  very  low  time  steps. 
This  was  even  the  case  when  imposing  an 
initial  temperature  distribution  with  a 
temperature  above  the  evaporation 
temperature  like  it  was  done  in  the  case  of 
lithium.  The  very  high  thermal  diffusivity 
(about  twice  the  one  for  lithium  and  two 
magnitudes  higher  than  the  one  for  Teflon 
and  water)  was  identified  as  reason  for  this 
behavior.  The  heat  flux  delivered  by  the 
discharge  is  transported  away  so  fast,  that 
not  sufficient  mass  could  be  ablated.  This 
led  as  in  the  case  of  lithium,  to  a  discharge 
travelling  away  form  the  propellant  surface, 
which,  of  course,  further  decreases  the 
amount  of,  ablated  mass. 


Discussion  of  the  optimization  procedure 

Optimization  of  the  mass  efficiency  reduces 
the  amount  of  mass,  which  is  expelled  after 
the  termination  of  the  discharge.  This  mass 
is  not  electromagnetically  accelerated  and 
leaves  the  thruster  with  low  thermal 
velocities.  Quantitatively  one  can  express 
the  mass  efficiency  T|m  by 
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1  + 


^after 


(17) 


m 


pulse 


MACH2  calculations  with  fixed  ionization 
degrees  and  EOS  were  used  to  investigate 
the  validity  of  the  predictions  of  the 
idealized  model.  For  optimization  issues, 
one  has  to  invoke  the  red  equation  of  state 
and  the  ability  of  MACH2  to  calculate  the 
degree  of  ionization  based  on  temperature 
and  density  distributions.  Like  already 
mentioned  above,  in  this  case  one  generally 
does  not  get  an  ionization  degree  of  one  or 
two  like  it  was  assumed  in  the  idealized 
model  but  something  different.  Therefore, 
the  optimum  pulse  time,  Uke  given  by  the 
idealized  model,  will  not  be  the  optimum 
pulse  time  for  the  real  case.  However,  since 
the  mass  flow  rates  increase  with  decreasing 
degree  of  ionization  and  vice  versa,  one  can 
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use  the  optimum  pulse  times  for  singly  and 
doubly  ionized  propellant  as  a  starting  point. 
This  was  done  for  all  of  the  propellants  and 
the  results  are  summarized  in  fig.  3-5. 

It  was  found  that  Lithium  is  a  special  case. 
In  general,  both,  higher  degrees  of  ionization 
and  lower  discharge  currents  result  in  larger 
optimum  times.  For  doubly  ionized  lithium 
and  a  discharge  current  of  70  kA,  an 
optimum  pulse  time  of  about  500  ps  was 
calculated^  according  to  model  presented 
above  in  order  to  get  mass  efficiencies  of 
about  0.989.  MACH2  simulations  with  30 
kA  discharge  current  -  resulting  in  an 
ionization  degree  of  about  2.15  -  gave 
already  a  mass  efficiency  of  0.99.  This  mass 
ratio  does  not  vary  for  a  broad  range  of 
discharge  currents  and  is  therefore  not 
included  in  the  figures  below. 


All  three  figures  show  the  mass  flow  rate 
during  steady  state  (plateau)  and  the  mass 
flow  rate  ^er  the  termination  of  the 
discharge  due  to  the  processes  discussed 
above.  Every  figure  includes  a  run  for  the 
optimum  time  topt  given  by  the  idealizied 
model  and  additional  runs  with  pulse  times 
deviating  from  topt  (deviation  from  topt  is 
given  in  percentages).  On  the  upper  right 
comer  of  each  figure  the  dependency  of  the 
mass  ratio  on  the  deviation  (in  percentage) 
from  topt  is  depicted. 

The  idealized  model  gives  for  doubly 
ionized  cesium  an  optimum  pulse  time  of 
about  400  ps.  Since  already  lower  pulse 
times  lead  to  satisfying  mass  ratios  only  mns 
up  to  200  ps  plus  a  certain  time  after  the 
termination  of  the  discharge  have  been 
conducted. 


Fig.3:  Water  mass  flow  rates  and  mass  ratios  for  optimum  and  non-optimum  pulse  time  (topt=8.4ps,  Z=2 
30kA) 
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Fig.4:  Teflon  mass  flow  rates  and  mass  ratios  for  optimum  and  non-optimum  pulse  timp.  (top(-20.1ps,  Z=2, 
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Fig.5:  Cesium  mass  flow  rates  and  mass  ratios  for  non-optimum  pulse  time  (topt“408)JS,  Z=2,  60  kA). 


Fig.6:  Mass  flow  rate  of  Teflon  and  lithium  after  the  termination  of  the  discharge  relative  to  the  steady  state 
mass  flow  rate 


Fig.7:  Mass  flow  rate  of  water  and  cesium  after  the  termination  of  the  discharge  relative  to  the  steady  state 
mass  flow  rate 


can  be  clearly  seen  that  the  mass  flow  rate 
Figure  6  and  7  show  the  mass  flow  rate  after  for  water  and  especially  for  cesium  after  the 

the  termination  of  the  discharge  current.  It  termination  of  the  discharge  are  substantial. 
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In  the  case  of  cesium  mass  flow  rate  after 
pulse  termination  reaches  about  50%  of  the 
mass  flow  rate  during  the  pulse.  Whereas 
Teflon  and  lithium  rapidly  reach  very  small 
mass  flow  rate  after  the  discharge  is 
terminated.  Reasons  for  that  might  be  a 
combination  of  material  properties  with  the 
equilibrium  vapor  pressure,  which  is  for 
Teflon®  and  lithium  in  the  temperature  range 
of  interest  much  lower  than  for  water  and 
cesium. 

Improved  mission  capabilities 

The  idealized  model  predicts  a  broad  range 
of  feasible  Thrust-to-Power  ratios  for  the 
four  different  investigated  propellants  (see 


Fig.8:  Thrust-to-Power  ratio  vs  specific  Impulse 


Since  it  was  found  that  for  some  of  the 
propellants  one  major  assumptions  becomes 
invalid  the  numbers  in  fig.8  change  in  a  way 
that  higher  velocities  at  the  magnetosonic 
point  were  calculated  and  thus  higher 
specific  Impulse  and  Thrust-to-Power  ratios 
than  predicted  by  the  idealized  model  (see 
fig.9).  However,  fig.9  shows  also  the 
impressive  potential  increase  in  Thrust-to- 
Power  ratios  for  water  and  cesium  compared 
to  the  traditional  utilized  Teflon®.  In 
general,  the  increase  in  range  of  Thrust-to- 
Power  ratios  vs.  the  specific  impulse  allows 
to  apply  PPT  technology  for  a  much  broader 
mission  spectrum. 


Fig.9:  Thrust-to-Power  ratio  due  to  the  numerical 
results 


Conclusion 

An  idealized  model  for  the  ablation  and 
acceleration  processes  in  pulsed  plasma 
thrusters  was  developed  to  offer 
optimization  guidance  and  propose 
directions  for  improved  mission 
applicability.  To  verify  the  model  and  refine 
the  results  the  state-of-the-art  MHD  code, 
MACH2  was  invoked.  The  calculations 
were  performed  for  four  different  candidate 
propellants:  Teflon®,  water,  lithium  and 
cesium.  The  analytic  model  agrees  well  with 
the  numerical  results  for  Teflon®  and  for 
doubly  ionized  lithium.  For  water  and 
cesium  the  assumption  that  the  specific 
ionization  energy  is  the  dominant  energy 
change  in  the  flow  seems  to  be  invalid.  The 
velocity  at  the  magnetosonic  point  does  not 
purely  scale  with  Alfven  critical  speed  -  as 
proposed  by  the  model  -  but  also  includes  a 
thermal  contribution  resulting  in  higher 
velocities  at  the  magnetosonic  point,  higher 
specific  Impulse  and  thus  generally  lower 
Thrust-to-Power  ratios  than  predicted  by  the 
idealized  model.  However,  it  was  shown  that 
utilization  of  propellants  other  than  the 
traditional  Teflon®  could  still  offer 
substantial  increase  in  Thrust-to-Power 
ratio. 
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Abstract 

Pulsed  Plasma  Thrusters  (PPT)  are  well  known  for  their  simplicity  and  low  power 
requirements.  There  are  various  mission  scenarios,  where  exactly  these  qualities  could 
make  PPTs  preferable  to  other  propulsion  technologies.  To  qualify  PPTs  for  a  broader 
range  of  mission  scenarios,  it  will  first  be  necessary  to  increase  their  range  of 
performance,  for  example,  to  increase  their  thrust  to  power  ratios  and  specific  impulse 
respectively.  It  was  theoretically  shown  in  the  past  that  the  utilization  of  propellants, 
other  than  the  traditionally  used  Teflon®,  is  a  promising  possibility. 

The  present  paper  describes  the  new  PPT  vacuum  facility,  which  was  designed  and  built 
for  the  purpose  to  test  alternative  propellants.  Initial  experiments  with  alternative 
propellants,  like  water,  are  presented.  Diagnostics  to  evaluate  the  performance  of  the 
electric  circuits  and  the  thruster  itself,  included  Rogowski  coils,  photometry,  and 
Langmuir  probes.  Furthermore,  pressure  probes  were  used  for  the  evaluation  of  the 
performance  in  terms  of  impulse  bits  and  thrust.  This  technique  is  described  and  their 
results  are  presented. 

Introduction 

Since  several  decades  Pulsed  Plasma 
Thrusters  (PPT)  are  not  only 
investigated  in  research  labs  but  also 
widely  utilized  for  north-south 
stabilization  on  satellites.  Even  though 
they  are  in  terms  of  efficiencies  inferior 
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to  other  electric  propulsion  systems,  they 
are  well  known  for  their  structural 
simplicity  and  their  low  average  power 
consumption.  Both  of  these  attributes 
might  qualify  them  in  the  future  for 
missions  beyond  north-south 
stabilization.  Unfortunately  their 
utilization  is  at  this  time  very  limited, 
not  only  due  to  their  low  efficiency  but 
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also  because  of  their  limited  thrust  to 


power  range. 

Many  efforts  were  undertaken  to 
understand  and  improve  the  efficiency  of 
PPTs.  During  a  discharge,  a  certain 
amount  of  propellant  is  being  ablated 
and  at  the  same  time  dissociated,  ionized 
and  then  accelerated  to  high  exhaust 
speeds.  Already  since  the  beginning  of 
the  PPT  research  it  is  well  known  that 


the  portion  of  .  propellant  which 
undergoes  this  sequence  of  events  is 
only  a  small  fraction  of  about  10%’’^. 
This  poor  mass  utilization  represents  a 
main  contributor  to  the  low  efficiency  of 
PPTs.  In  the  recent  years  several  theories 
tried  to  explain  the  disposition  of  the 
residual  90%,  including  the  existence  of 


macroparticles  Coming  off  the  propellant 
surface  during  the  discharge^  nhd  late 


time  evaporation  due  to  elevated 
temperature'*  of  the  Teflon®. 


In  an  effort  to  understand  the  extent  of 


the  late  time  evaporation,  a  program  at 
The  Ohio  State  University  was  initiated. 
Postulating  that  controlling  the  duration 
of  the  discharge  one  could  only  ablate  as 
much  material  as  the  discharge  can 
accelerate,  an  analytic  model  was 
developed  to  determine  the  length  of  this 
optimized  discharge  duration^.  The  so 
gained  optimized  discharge  time  was 
used  as  input  into  the  time-dependent 
2%  dimensional  magnetohydrodynamic 
code  MACH2  to  calculate  among  other 
things  the  efficiencies  and  the  resulting 
thrust  to  power  ratio'*.  This  effort  was 
not  limited  to  Teflon®,  the  traditional 
propellant  for  PPTs,  but  included  also 
water,  cesium,  and  lithium.  It  was  shown 
that  indeed  the  choice  of  the  discharge 
duration  influences  the  efficiency 
significantly.  The  results  of  this  program 
showed  also  the  impressive 
improvement  in  thrust  to  power  range  by 
using  propellants  other  than  Teflon®  (see 


Fig.l).  These  results  triggered  the 
interest  in  an  experimental  verification 
of  the  improvements  when  alternative 
propellants  are  utilized. 


Fig.  1:  Variation  of  thrast  to  power  ratio  vs. 
specific  Impulse  depending  on  the  choice  of 
propellant  (based  on  MACH2  calculations) 


It  was  decided  that  in  order  to  do  so, 
water  was  the  propellant  of  choice.  This 
choice  has  several  reasons.  Our  initial 
theoretical  predictions  show 
distinguishable  differences  in  thruster 
performance  when  water  instead  of 
Teflon®  is  utilized.  Furthermore,  from 
experimental  point  of  view,  water  is 
relatively  easy  to  handle  compared  to 
lithium  and  cesium.  Additionally  there  is 
increasing  interest  in  water  as  propellant 
in  the  electric  propulsion  community^’’’*. 
This  interest  is  supposed  to  grow  in  the 
upcoming  years  in  connection  with  In- 
Situe-Resource-Utilization^  and  the 
recent  findings  that  water  is  far  more 
abundant  in  space  than  expected. 

Experimental  apparatus 
A  new  vacuum  facility  was  build  up  at 
the  Ohio  State  University.  The  new 
vacuum  facility  has  several  features, 
which  makes  it  superior  compared  to  the 
facility  utilized  before  at  Ohio  State.  The 
compact  design  of  the  vacuum  system 
and  the  utilization  of  a  turbomoleculare 
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pump  (NT  220,  Leybold-Heraeus)  in 
conjunction  with  a  conventional 
roughing  pump  allows  base  pressures 
typically  around  4x10"^  .  Torr.  The 
convenient  small  vacuum  chamber 
(Pyrex  bell  jar,  diameter  and  length  of 
0.46  m  and  0.71  m  respectively)  and  the 
short  vacuum  lines  reduces  the  time  to 
reach  the  minimum  pressure  to 
approximately  2  hours,  allowing  a  very 
efficient  and  flexible  operation. 
Furthermore  the  Pyrex  vacuum  chamber 
allows  optimum  visual  inspection  of  the 
experiment. 

The  vacuum  chamber  is  located  in  a 
plexiglass  cage  to  protect  personal  and 


equipment  in  case  of  an  imploding 
chamber.  Ventilation  dugs  at  the  rear 
end  of  the  cage  are  provided  to  reduce 
the  load  on  the  cage  in  such  a  case.  The 
PPT  is  mounted  on  a  platform  inside  of 
the  vacuum  chamber.  This  table  can  be 
moved  several  inches  up  or  down  and 
can  also  be  rotated  to  allow  simple 
handling  for  the  planned  spectroscopic 
diagnostic.  Special  efforts  were 
undertaken  to  minimize  the  danger  of 
electric  arcing  between  the  thruster  and 
the  structures  inside  the  chamber.  All 
parts  inside  the  vacuum  chamber,  facing 
the  high  voltage  parts  of  the  thruster  are 
made  of  plexiglass. 


Water  feeding  mechanism 
While  the  feed  mechanism  in  a  standard 
PPT  utilizing  Teflon®  is  in  general 
simply  a  spring  pushing  the  propellant 
bar  against  the  retaining  shoulder  in  the 
anode,  the  problem  of  feeding  a  gaseous 
propellant  into  a  pulsed  plasma  thruster 
is  more  challenging.  In  the  past,  this  was 
done  by  very  sophisticated  gas  feeding 
system  combined  with  a  complicated 


triggering  systems^®’”.  Even  though  this 
results  in  reportedly  high  propellant 
utilization  efficiencies  it  changes  an 
initially  very  simple  system  in  a  highly 
complex  one.  In  an  effort  to  retain  the 
simplicity  of  PPTs,  a  new,  extremely 
simple  and  robust  system  was 
developed.  Main  objective  is  hereby  not 
propellant  efficiency  but  experimental 
simplicity. 
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The  general  idea  is  to  utilize  the  water 
permeability  of  Teflon®  to  feed  water 
into  the  discharge  area.  The  water  is 
stored  in  a  small  plenum  under 
atmospheric  pressure  and  is  fed  to  the 
thruster  via  a  tube.  Before  it  can  enter 


the  thruster  it  has  to  diffuse  through  the 
Teflon®  bar.  The  diffusion  process  is 
governed  by  Darcy’s  law  and  the  mass 
flow  rate  can  in  his  simplest  form  be 
expressed  as: 


q  =  pk-A- 


dl 


with  the  density  p  of  water,  the 
coefficient  of  permeability  k,  the  cross 
sectional  area  A  of  the  flow  and  the  total 


head  gradient  (equivalent  to  the  pressure 
■gradient)  over  the  length  of  the  Teflon® 
bar  dh/dl  (see  Fig.3). 


Cross 

sectional 


electrodes 


Fig.3:  Schematic  of  the  water  feed  mechanism 


A  very  convenient  trait  in  dealing  with 
such  a  system  is  the  number  of  variables 
one  can  easily  influence:  the  geometry  J 
and  size  of  the  contact  surface  A 
between  the  solid  Teflon®  and  the  fluid 
water,  the  length  of  the  Teflon®  bar  or 
alternatively  the  pressure  m  the 
propellant  plenum,  both  influencing  the 
pressure  gradient.  The  permeability 
coefficient  can  be  influenced  by  the 
choice  of  material.  For  example.  Teflon® 
with  different  densities  can  be  utilized  or 


layers  of  different  material  can  be 
combined  in  order  to  increase  or 
decrease  the  permeability. 

For  initial  experiments  the  material  of 
choice  was  a  2.54  cm  long  Teflon®  bar. 
The  inside  of  the  water  plenum  is  under 
atmospheric  pressure,  resulting  in  a 
pressure  gradient  of  roughly  0.4  bar/cm 
and  the  contact  surface  area  had  a 
maximum  size  of  0.32  cm^.  The  side 
walls  of  the  Teflon®  bar  were  covered 
with  a  clue  to  prevent  water  vapor 
exiting  the  Teflon®  bar  on  any  location 
beside  the  wall  facing  the  discharge  area. 

In  a  simple  experiment,  conducted  to 
determine  the  flow  rate,  the  water  feed 
system  was  placed  in  the  vacuum 
chamber.  After  the  vacuum  chamber  was 
pumped  down,  the  main  gate  valve 
separating  the  chamber  from  the  pumps 
was  closed  and  the  pressure  rise  as  a 
function  of  time  was  measured. 
Assuming  that  only  water  vapor  is 
responsible  for  the  pressure  rise  (the 
"pressure  rise  due  to  influx  (air)  in  the 
chamber  through  walls  and  sealings  is 
only  about  one  percent  of  the  mass  flow 
rate  from  the  water  feed  mechanism  and 
was  therefore  neglected)  and  assuming 
further  ideal  gas  conditions  the  mass 
flow  was  determined  to  be  65  pg/|J,s.  It 
has  to  be  noted  that  this  is  the  mass  flow 
rate  when  the  thruster  is  not  operating. 
During  operation  it  is  expected  that  this 
mass  flow  rate  changes.  This  is  mainly 
due  to  thermal  effects  and  also  to  a 
pressure  gradient  caused  by  the 
discharge  itself  acting  in  opposite 
direction  of  the  hydraulic  pressure. 
Determination  of  the  mass  flow  rate 
during  operation  is  subject  of  further 
experiments. 
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Thruster 

A  new  pulsed  plasma  thruster  was 
designed,  especially  suited  to  use  both 
Teflon®,  and  water.  The  transmission 
lines  between  capacitor  and  electrodes 
are  two  coaxial  tubes,  arranged  such  that 
the  connection  from  the  capacitor  to  the 
anode  is  inside  the  connections  to  the 
cathode.  They  are  separated  by  a  1.3  mm 
thick  insulation  composed  of  mylar  foil 
and  high  voltage  tape  to  guarantee 
electric  insulation  (see  Fig.4,5,6)  The 
electrodes  dimension  are  similar  to  the 
Ohio  State  bench  mark  thruster'^,  in 
particular,  the  electrodes  are  2.54  cm 
long,  2.54  cm  wide  and  separated  by  a 
2.54  cm  gap  In  both  cases,  for  Teflon® 
and  water,  the  propellant  was  fed 
through  the  center  of  the  anode 
connection. 

The  discharge  is  triggered  by  a  standard 
spark  plug  connected  to  an  ignition 
exciter  unit,  both  manufactured  by 
Unison  Industries.  The  ignition  circuit  is 
powered  by  a  Lambda  power  supply, 
model  LQ-410.  The  discharge  frequency 
is  controlled  by  the  output  voltage  of  the 
power  supply  but  was  in  general  chosen 
to  be  once  per  second. 

The  thruster  was  designed  to  be 
compatible  with  different  capacitor  but 
for  the  present  paper  a  10  [iF  capacitor 
(Maxwell  Laboratories  Inc.)  with  a  5  kV 
rating  and  a  maximum  peak  current  of 
25  kA  was  utilized.  A  Classman  High 
Voltage  power  supply,  series  EW,  500 
W  is  utilize  to  charge  the  capacitor. 
Discharge  voltage  was  2k V,  resulting  in 
discharge  energies  of  20  J.  Both,  thruster 
and  capacitor  are  located  inside  the 
vacuum  chamber  during  experiments 
while  the  main  power  supply  and  the 
ignition  circuit  are  located  outside  the 
chamber.  A  frequency  filter  was  placed 
between  the  thruster  and  the  main  power 


supply  in  order  to  protect  the  power 
supply  against  damaging  back  surges. 
The  diagnostic  instruments  are  situated 
in  a  Faraday  cage  located  in  the  vicinity 
of  the  vacuum  chamber  (see  Fig.2). 

Diagnostics 

CurrentA^oltage 

The  voltage  was  measured  across  the 
capacitor  with  a  standard  Tektronix 
voltage  probe  (TEK5100,  attenuation 
factor  xlOO).  The  discharge  current  was 
measured  with  a  Pearson  current  monitor 
(model  5046)  able  to  measure  peak 
currents  up  to  25  kA  with  an  accuracy  of 
+1%,  -0%  and  a  wide-band  frequency 
response.  Both  pfobes  were  connected  to 
an  oscilloscope.  The  location  of  the 
current  and  voltage  probes  can  be  seen 
in  figure  2. 

Langmuir  probes 

Electron  temperature  and  number 
density  can  be  measured  with  Langmuir 
probes.  For  the  present  paper  we  utilized 
a  double  Langmuir  probe.  The  probe  tips 
are  made  of  1.0  cm  long  and  0.127  mm 
thick  tungsten  wire.  The  separation 
distance  between  the  two  tips  is  5  mm. 
Except  the  one  centimeter  long  tips,  the 
tungsten  wire  was  insulated  with  0.2  cm 
diameter  pyrex  tubes  fused  together  with 
the  tungsten  wire.  The  connection  to  the 
diagnostics  was  provided  by  soldering 
the  tungsten  wires  to  coaxial  cables.  The 
outer  leads  of  the  coaxial  cables  are 
soldered  to  0.3  cm  diameter  brass  tubes, 
which  provided  the  electric  shielding. 
These  brass  tubes  again  were  housed  in 
0.5  diameter  pyrex  tubes  and  sealed  with 
epoxy. 
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to  anode  to  cathode 


The  voltage  bias  across  the  probe 
elements  was  accomplished  by  a  floating 
probe  circuit  similar  that  used  by  York 
and  Azevedo  .  To  measure  the  voltage 
and  current  across  the  probe  tips,  a 
Tektronix  AC  current  probe  (model 
P6021),  connected  to  an  oscilloscope, 
and  a  handhold  voltmeter  are  utilized. 
After  a  period  of  about  10  shots  the 
pressure  in  the  vacuum  chamber  was 
allowed  to  rise  to  a  level  where  glow 
cleaning  of  the  probe  tips  was  possible. 

Pressure  probes 

Pressure  measurements  to  evaluate 
thruster  performance  was  utilized  in 
different  ways  with  various  techniques 
already  in  the  past''^’^^.  The  here 
presented  pressure  probe  was  designed 
and  utilized  originally  for  MPD 
experiments  ’  .  The  probes  were 
designed  to  withstand  the  relative 
extreme  conditions  of  a  plasma 
environment  (thermal  loads  and 
electromagnetic  noise)  and  have  a  high 
frequency  response.  The  core  of  the 
pressure  probe  is  a  disk  of  piezoceramic 
material  (PZT-5A)  mounted  to  a  backing 
road  with  a  conducting  epoxy  (see  Fig.7) 
The  disk  and  the  backing  road  are 
encased  in  a  conducting  shell,  separated 
by  a  mylar  foil  aroimd  the  circumference 
to  prevent  electric  contact  with  the 
piezoceramic  disk.  The  necessary 
electric  contact  between  the  front  of  the 
piezoceramic  disk  and  the  conducting 
shell  is  provided  by  a  thin  layer  of  silver 
paint.  The  whole  unit  is  placed  in  a 
quartz  tube,  which  has  a  flat  fused  end. 
A  coax  cable  provides  the  electric 
contact  to  the  electronic  circuitry  outside 
the  quartz  tube. 

The  quartz  tube  provides  electric  and 
thermal  protection  and  at  the  same  time 


allows  stress  waves  to  be  transmitted  to 
the  piezoceramic  disk. 
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Fig.7:  Cross  Section  of  the  pressure  probe 


In  the  occurrence  of  pressure,  a  charge 
difference  built  up  across  the  element 
and  is  manifested  as  a  voltage 
transmitted  through  the  connecting 
coaxial  cable  to  an  amplifier  and  a  line 
follower.  The  amplifier  and  the  line 
follower  were  built  to  match  the  output 
of  the  probe  and  allow  the  charge  signal 
to  be  transmitted  to  an  oscilloscope  as  an 
amplified  voltage  signal. 

The  probe  in  conjunction  with  the 
supporting  electronic  was  calibrated  in  a 
shock  tube.  The  utilized  shock  tube 
consists  of  two  sections,  the  driver  and 
the  driven  section.  A  thin  diaphragm 
separates  these  two  sections.  The 
pressure  probe  is  located  on  the  far  end 
of  the  driven  section,  positioned  such 
that  its  sensing  area  is  flat  with  the  wall. 
The  driven  section  is  under  atmospheric 
pressure  while  the  driver  section  is  filled 
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with  commercial  available  nitrogen  gas 
at  a  pressure  above  atmospheric 
pressure.  At  a  well  known  pressure 
difference  between  these  two  sections 
the  diaphragm  will  burst.  As  this 
happens,  a  shock  wave  will  travel 
through  the  driven  section  and,  after 
hitting  the  closed  end  of  the  wall,  will  be 
reflected  as  a  normal  shock.  Behind  this 
reflected  shock  the  pressure  can  be 
accurately  calculated  using  the  normal 
shock  relations  for  an  ideal  gas. 
Comparing  the  measured  value  with  the 
analytically  gained  value  allows  to 
calculate  the  calibration  constant.  The 
utilized  pressure  probe  has  a  calibration 
constant  of  23.8  (N/m^)/mV.  The 

pressure  probe  response  for  one  of  this 
calibration  runs  can  be  seen  in  the  Fig.  8. 


Fig.8:  Pressure probe  response  during  the 
calibration 


The  impact  pressure  of  a  PPT  measured 
by  the  pressure  probe  consists  of  a  static 
and  dynamic  term  and  can  be  written  as: 

P  impact  =  k 

were  ne  and  n;  are  the  number  densities 
of  the  electrons  and  ions  respectively,  Te 
is  the  electron  temperature,  m,-  the  ion 
mass,  and  Uexit  the  exit  velocity.  By 
assuming  axial  flow  only,  integration  of 
the  impact  pressure  over  the  plume  area 
will  provide  the  thrust 

T  =  jJpdA  =  }fpul,, 

and  will  therefore  allow  to  judge  the 
performance  of  the  thruster 


Experimental  results 
Initial  tests  with  Teflon®  as  propellant 
were  conducted  to  verify  the  operation 
of  the  new  thruster  design.  Additional  it 
was  intended  to  build  up  a  data  base  with 
Teflon®  for  later  corhparison  with  the 
thruster  when  using  water  as  propellant. 
The  current  measurements  showed  a 
very  quite  shot  to  shot  behavior.  Only 
very  small  variations  can  be  observed  in 
general.  Fig.9  shows  three  current 
measurements  each  taken  with  a  period 
of  about  5  min  in  between.  The  curves 
are  overlapping  and  can  nearly  not  be 
distinguished.  It  is  believed  that  one 
reason  for  this  reliable  discharge 
behavior  is  the  fact  that  the  discharge 
area  is  not  enclosed  by  a  nozzle,  which 
from  experience  is  frequently  the  target 
of  sporadic  discharges.  Even  though  this 
reduces  the  thermal  contribution  to  the 
thrust,  it  is  a  very  convenient  trait  for 
certain  measurements. 

Analyzing  the  current  measurements 
indicates  an  average  circuit  inductance 
of  146  nH  and  a  average  circuit 
resistance  of  18  mQ.  In  an  effort  to 
reduce  the  inductance,  the  current 
monitor  was  removed.  .Utilizing  the 
voltage  curve  to  determine  the  period  of 
the  sinusoidal  discharge  (see  fig.  10) 
indicates  an  average  circuit  inductance 
of  79  nH  and  a  lower  average  circuit 
resistance.  This  result  can  be  further 
improved  by  replacing  the  momentarily 
screwed  connections  between  capacitor 
and  electrodes  with  welded  ones. 
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Fig.9:  Shot  to  shot  variations  in  discharge  current 


Fig.  10;  Discharge  voltage  with  and  without 
current  monitor 


Due  to  time  constrains,  initial  test  of  the 
Langmuir  probe  diagnostics  were  done 
only  for  the  case  with  Teflon®  as 
propellant.  In  order  to  determine  the 
exhaust  speed  of  the  fast  ions  the  probe 
was  positioned  at  the  exit  of  thruster  and 
in  a  distance  of  2.54  and  5.08  cm 
distance  respectively.  The  measurements 
show  an  occurrence  of  two  peaks  (see 
Fig.  11)  of  the  measured  probe  current, 
already  observed  by  other  groups^^. 

For  each  position  10  measurements  of 
the  time  when  the  first  peak  occurred 
were  taken  and  subsequently  averaged. 
Between  the  exit  and  2.54  cm  an  average 
velocity  of  45  km/s  and  between  2.54  cm 
and  5.08  cm  an  average  velocity  of  36 
km/s  were  calculated. 


Fig.  1 1 :  Langmuir  probe  current  at  a  distance  of 
2.54  cm  and  5.08  cm  from  thruster  exit 

Water  was  successfully  fed  into  the 
thruster  with  the  above  described 
feeding  mechanism  at  a  constant 
propellant  flow  rate  of  65  pg/ps. 
Increasing  the  mass  flow  to  210  pg/ps  by 
increasing  the  contact  surface  A  (see 
Fig.3)  between  the  fluid  water  and  the 
Teflon®  caused  occasional  sporadic 
discharges  before  the  capacitor  could  be 
charged  up  to  the  intended  2  kV  or 
before  the  spark  plug  triggered  the 
discharge.  This  was  completely 
prevented  when  the  mass  flow  rate  was 
reduced  to  the  above  mentioned  value  of 
65pg/ps. 

When  water  is  fed  through  the  Teflon® 
into  the  discharge  area,  it  was  observed 
that  after  a  period  of  about  5000  shots 
the  for  Teflon®  characteristic  visually 
observable,  depression  in  the  middle  of 
the  propellant  surface  is  missing.  This  is 
believed  to  indicate  that,  indeed,  the 
discharge  utilizes  at  least  partially  the 
provided  water  vapor. 

In  an  effort  to  measure  differences  in  the 
discharge  behavior  between  water  and 
Teflon®  the  voltage  distribution  during 
the  discharge  was  measured.  Both  cases 
have  about  the  same  shape  and  period 
but  for  the  case  of  water,  the  peak 
voltages  are  slightly  smaller  (see 
Fig.  12).  If  this  is  due  to  the  effect  of 
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utilizing  a  different  propellant  will  be 


Fig.  12:  Discharge  voltage  for  water  and  Teflon® 
operation 


Conclusions 

A  new  pulsed  plasma  thruster  was 
designed  and  successfully  tested.  The 
thruster  is  able  to  utilize  either  Teflon® 
or  a  mixture  of  water  and  Teflon®  as 
propellant.  This  was  implemented  by 
developing  a  new  water  feeding  system 
exploiting  the  water  permeability  of 
Teflon®.  This  feeding  system  is 
independent  of  any  sophisticated 
triggering  system  and  therefore 
conserves  the  inherent  simplicity  of 
pulsed  plasma  thruster.  Water  in  a 
constant  mass  flow  of  65  pg/|ts  was  fed 
into  the  thruster.  Visual  inspection  of  the 
Teflon  surface  indicates  that  the 
discharge  is  indeed  utilizing  the 
provided  water.  A  small  difference  in  the 
discharge  voltage  distribution  might 
support  this  result. 

To  verify  the  results  and  to  identify  the 
performance  differences  between  using 
Teflon®  only  and  a  water/Teflon® 
mixture,  an  array  of  diagnostic 
instruments  was  established,  including 
Currenbvoltage  measurements, 

Langmuir  probes  and  pressure  probes. 
These  diagnostics  will  be  utilized  in  the 
future  to  identify  the  differences  in  a 
PPT  utilizing  a  certain  amount  of  water 


as  propellant  versa  a  purely  on  Teflon® 
operating  thruster. 
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The  utilization  of  water  as  propellant  in  Pulsed  Plasma  Thrusters  has  a  number  of  advantages 
including  long  time  storability,  availability  and  reduced  plume  contamination.  Further  impetus  for 
a  utilization  of  water  was  fueled  by  computational  studies,  which  were  suggesting  an 
improvement  of  the  thrust  to  power  ratio  over  the  standard  propellant  Teflon®. 

However,  the  utilization  of  water  constitutes  a  major  challenge  with  regard  to  the  fashion  it  is  fed 
into  the  thruster.  A  main  objective  must  be  the  preservation  of  the  inherent  simplicity  of  Pulsed 
Plasma  Thrusters.  As  a  step  towards  this  goal,  a  hybrid  thruster  was  developed,  which  utilizes  a 
mixture  of  Teflon®  and  water.  This  paper  presents  the  design  of  the  simple  and  robust  propellant 
feed  system  and  the  experimental  investigation  of  the  behavior  of  a  thruster  equipped  with  such  a 
system.  Analysis  of  the  discharge  current  and  voltage  indicate  higher  plasma  resistance  and 
inductance  in  the  presence  of  water.  Time  of  flight  measurements  indicates  exhaust  velocities 
twice  as  high  in  the  case  of  water  compared  to  standard  Teflon®.  Double  Langmuir  probe 
determined  the  electron  temperature  and  number  density  to  be  3.1  eV  and  4.9x10^®  m'^  for  the 
water/  Teflon®  mixture  compared  to  2.6  eV  and  9.3x10"®  m'^  for  Teflon®. 


Introduction 

Pulsed  Plasma  Thrusters  are  widely  utilized 
due  to  their  low  power  requirements, 
simplicity,  and  reliability.  Their  main  task 
consists  of  north-south  stabilization  of 
satellites.  However,  the  above  listed 
attributes  could  also  qualify  them  for  future 
mission  like  visits  to  the  outer  regions  of  our 
solar  system.  But  to  be  part  of  a  future  space 
exploration  scenario  it  will  be  necessary  to 
improve  their  performance  with  regard  to 
their  limited  specific  impulse  and  their  low 
efficiencies. 
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One  possibility  to  achieve  these  goals  is  the 
utilization  of  propellants  other  than  the 
traditionally  used  Teflon®.  Efforts  to  find  a 
promising  alternative  to  Teflon®  included 
LiOH  seeded  Teflon®  and  different  kind  of 
thermoplastics  like  Halor,  Tefzel',  variation 
of  the  ablative  surface  properties^,  and 
Teflon®  of  different  densities,  porosities, 
and  level  of  carbon  contains^. 

Two  years  ago  an  effort  to  utilize  water  as 
propellant  for  PPTs  was  initiated  at  the 
Plasma  Dynamic  and  Propulsion  Laboratory 
of  The  Ohio  State  University.  The 
advantages  of  water  are  numerous. 
Numerical  simulations  have  shown  a 
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improvement  in  thrust-to-power  ratio'*,  water 
is  nontoxic,  it  seems  to  be  abundant  in  space 
(e.g.  on  comets  or  in  the  Jovian  system  etc.), 
it  might  reduce  plume  contamination,  and  it 
can  be  shared  with  other  systems  like  life 
support  systems  or  the  main  propulsion 
system  (for  example  in  case  of  a  NERVA 
type  main  propulsion  system)  -  to  name  only 
some  of  the  most  important  advantages. 

Main  objective  of  this  research  was  to 
develop  a  propellant  feed  system,  which 
preserves  the  inherent  simplicity  of  PPTs. 
The  present  paper  describes  the  most  recent 
progress  in  developing  such  a  water  feed 
system  and  summarizes  the  diagnostic 
utilized  to  investigate  and  identify 
performance  changes  and  their  results.  . 

Propellant  feed  mechanism 
One  of  the  main  advantages  of  PPT  is  their 
inherent  simplicity  and  in  particular  the 
simplicity  of  the  propellant  feed  system.  In  a 
standard  ablative  PPT  (APPT)  the  feed 
system  consists  only  of  a  spring  pushing  the 
Teflon®  bar  against  a  retaining  shoulder  in 
the  anode,  dierefore  assuring  that  the 
ablating  surface  is  always  at  the  same 
position.  Utilizing  a  non  solid  propellant  like 
water  vapor  leads  to  a  variety  of  challenges. 
Supplying  amounts  of  water  in  the  pg  range 
instantaneously  into  the  discharge  area  such 
that  the  whole  amount  is  available  when  the 
discharge  is  initiated  can  not  be  solved  with 
any  mechanical  valve  in  a  straight  forward 
fashion.  Methods  to  inject  gaseous 
propellants  combined  with  a  sophisticated 
system  of  burst  of  discharges  have  been 
developed  and  successfully  tested^’^. 
However,  the  complexity  of  an  initially 
simple  system  has  increased  significantly. 

In  an  effort  to  prove  the  feasibility  of  water 
utilization  in  PPTs  and  at  the  same  time  to 
preserve  their  inherent  simplicity  as  much  as 
possible,  an  alternative  propellant  feed 
system  was  developed  at  The  Ohio  State 
University. 

Instead  of  controlling  the  mass  bit  fed  into 
the  thruster  with  a  valve,  this  new  concept 
exploits  the  water  permeability  of  a  porous 
medium  to  feed  water  into  tlie  discharge 
area.  The  water  is  stored  in  a  small  plenum 


under  atmospheric  pressure  and  is  pushed 
through  the  porous  medium  into  the  thruster. 
The  mass  flow  rate  rSc  for  such  a  system  can 
be  approximated  by  Darcy’s  law; 

TSc=p-k-A-^  (l) 

cll 

with  the  density  p  (kg/m^)  of  water,  the 
coefficient  of  permeability  k  (ms/kg),  the 
cross  sectional  area  A  (m^)  of  the  flow  and 
the  pressure  gradient  over  the  length  of  the 
diffusion  head  dp/dl  (N/m^m)  (see  fig.l). 


Cross 

sectional 


electrodes  , 

Fig.l:  Schematic  of  the  water  feed  mechanism 

A  veiy  favorable  trait  in  dealing  with  this 
system  is  the  number  of  easily  adjustable 
variables:  the  geometry  and  size  of  the 
contact  surface  A  between  the  porous 
medium  and  the  fluid  water,  the  length  of 
the  porous  medium  or  alternatively  the 
pressure  in  the  propellant  plenum,  both 
influencing^  the  pressure  gradient.  The 
permeability  coefficient  k  can  be  influenced 
by  the  choice  of  the  medium. 

The  porous  medium  is  connected  to  a  water 
plenum  via  an  adapter.  Several  materials  and 
geometries  were  experimentally  investigated 
and  compared  to  the  performance  of  a 
regular  (dry)  Teflon®  bar.  Three  of  the  most 
important  investigated  configuration  are  the 
following:  Teflon®  (a).  Ceramic  (bj,  and  a 
combination  of  boft  (c).  These  3 
configurations  are  depicted  in  fig.2.  The 
letter  D  denotes  the  surface  facing  the 
discharge'. 
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(a) 

(b) 

(c) 

<  ^  > 

Teflon 

Ceramic 

Teflon/Ceramic 

llkd  Teflon 

kfiul  Ceramic 

^4  Adapter 

Fig.2;  Material  and  geometry  of  the  different 
types  of  porous  media  (s  =  2.54  cm) 


Though  initial  tests  with  configuration  (a) 
confirmed  that  water  is  diffusing  through  the 
Teflon®  and  is  being  utilized  by  the 
discharge,  it  was  later  found  that  the  mass 
flow  rate  of  water  through  the  Teflon®  is  not 
sufficient  to  reduce  the  ablation  rate  of 
Teflon®  in  a  significant  way.  In  an  effort  to 
increase  the  mass  flow  rate,  different  porous 
materials  were  investigated.  Guided  by  the 
results  of  the  mass  flow  experiment 
described  below,  a  material  with  higher 
porosity  was  chosen.  With  a  10%  porosity 
ceramic  (RESCOR-960)  (configuration  (b)) 
the  mass  flow  rate  was  increased,  up  from 
around  60  pg/s  to  300  -  800  pg/s 
(depending  on  the  length  1  and  the  area  A 
(see  fig.l).  Another  major  effect  of  this 
configuration  was  the  unwanted  reduction  of 
discharge  current  of  about  30%  compared  to 
a  standard  discharge  for  the  Teflon®  mode. 
Initially  it  was  concluded  that  the  reason  for 
this  observation  might  be  the  starvation  of 
the  discharge  even  with  the  increased  mass 
flow  rate  stated  above.  Since  a  further 
increase  of  the  water  mass  flow  rate  was  not 
advisable,  the  discharge  had  to  be  sustained 
with  material  from  other  sources. 
Configuration  (c)  is  the  result  of  this 
reasoning  and  it  is  basically  a  combination 
of  configuration  (a)  and  (b).  Water  diffuses 
only  through  the  center  ceramic  cylinder 
(diameter  1.75  cm).  The  outer  part  made  of 
Teflon®  can  be  seen  as  a  catalyst  for  the 
discharge.  In  the  following  only 
configuration  (c)  will  be  discussed  except  if 
stated  otherwise. 


Mass  flow  experiment 

Darcy’s  law  mentioned  above  is  a  1 
dimensional,  single  phase  approximation  of 
what  is  truly  a  three  dimensional  flow, 
which  includes  at  least  two  phases  of  water 
(fluid  and  vapor).  Since  it  was  felt  that  better 
experimental  values  were  needed  in  order  to 
guide  the  choice  of  porous  materials  and  its 
geometry,  a  mass  flow  experiment  was 
designed  and  built.  It’s  design  is  such  that 
all  the  parameters  mentioned  above  (A,  1, 
and  k)  can  easily  be  changed  (see  fig.  3  a). 
Figure  3  b  shows  how  the  mass  flow 
experiment  is  assembled  in  a  feed  through  of 
the  vacuum  chamber  facing  the  vacuum 
side. 

In  order  to  measure  tiie  water  mass  flow  rate 
through  the  test  material,  the  vacuum 
chamber  was  pumped  down  to  about  2-5 
mTorr.  Subsequently  the  vacuum  chamber 
was  separated  from  the  pumps  by  closing 
the  main  gate  valve.  The  mass  flow  rate 
through  the  porous  media  was  then 
evaluated  by  measuring  the  pressure  rise  in 
the  vacuum  chamber  over  time,  dp/dt,  and 
utilizing  eq.  2  (this  equation  is  in  the 
framework  of  the  ideal  gas  assumption  a 
good  approximation  since  the  leakage  rate  of 
the  vacuum  chamber  is  only  about  1-5%  of 
the  calculated  water  mass  flow  rates). 

^  ^chamber 

with  the  vacuum  chamber  volume  Vchamber 
[m^]  ,  the  temperature  T  (293 °K)  and  the 
specific  gas  constant  for  water  (461  J/kg°K). 
With  this  experiment  a  much  better 
understanding  of  the  impact  of  the  different 
parameter  in  Darcy’s  law  will  be  achieved 
and  will  consequently  allow  improvement  of 
the  design  of  the  water  feed  system. 

Experimental  apparatus  and  thruster 
design 

The  experimental  apparatus  utilized  for  this 
work  has  been  described  in  the  literature 
before’  and  only  the  main  features  will  be 
mentioned  here  again. 
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Fig.  3:  Cross  section  (a)  and  a  front  view  (b)  of  the  mass  flow  experiment 


The  vacuum  system  consists  of  a  roughing 
pump  in  conjunction  with  a  turbomolecular 
pump  and  allows  to  reach  background 
pressures  of  aroimd  3x10'^  Torr  in  a  relative 
short  time.  However,  when  operating  with 
water,  background  pressures  of  only  ^-5 
mTorr  were  achieved  due  to  the  constant 
mass  flow  rate  of  water.  It  is  well  known 
that  the  magnitude  of  background  pressure 
has  great  influence  on,  for  example,  the 
discharge  behavior  and  ablation  rate. 
Therefore  it  was  decided  to  conduct  all  the 
experiments  at  a  background  pressure 
between  2-5  mTorr. 

A  new  pulsed  plasma  thruster  was  designed 
and  built,  especially  suited  to  use  both 
Teflon®  and  water.  The  transmission  lines 
between  capacitor  and  electrodes  are  made 
of  a  copper  annulus,  arranged  such  that  the 
anode  annulus  is  inside  the  cathode  annulus 
(see  fig.  4,  5).  They  are  separated  by  a  1.3 
mm  thick  insulation  composed  of  mylar  foil 
and  high  voltage  tape  to  guarantee  electrical 
insulation.  This  configuration  showed  a  very 
favorable  low  inductance,  low  resistance 
behavior.  The  electrodes  dimension  are 
similar  to  The  Ohio  State  University  bench 
mark  thruster*,  in  particular,  the  electrodes 
are  2.54  cm  long,  2.54  cm  wide  and 
separated  by  a  2.54  cm  gap.  In  both  cases, 
the  Teflon®  and  water  mode,  the  propellant 


was  fed  through  the  center  of  the  anode 
connection. 

The  discharge  is  triggered  by  a  standard 
spark  plug  connected  to  an  ignition  exciter 
unit,  both  manufactured  by  Unison 
Industries.  The  ignition  circuit  is  powered 
by  a  Lambda  power  supply,  model  LQ-41 0. 
The  discharge  frequency  is  controlled  by  the 
output  voltage  of  the  power  supply  but  was 
in  general  chosen  to  be  about  once  per 
second. 

The  thruster  was  designed  to  be  compatible 
with  different  capacitor  but  for  the  present 
paper  a  30  pF  capacitor  (Maxwell 
Laboratories  Inc.)  with  a  2  kV  rating  and  a 
maximum  peak  current  of  25  kA  was 
utilized.  A  Glassman  High  Voltage  power 
supply,  series  EW,  500  W  is  utilize  to 
charge  the  capacitor.  In  general  the 
discharge  voltage  was  1155  V,  resulting  in 
discharge  energies  of  20  J.  Botlr,  thruster 
and  capacitor  are  located  inside  the  vacuum 
chamber  duraig  experiments  while  the  main 
power  supply  and  fte  ignition  circuit  is  kept 
outside  the  chamber.  A  frequency  filter  was 
placed  between  the  thruster  and  the  main 
power  supply  in  order  to  protect  the  power 
supply  against  damaging  back  surges. 
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Fig.5;  Thruster  in  the  water  mode  (a)  and  in  the  Teflon  mode  (b) 


Diagnostics 

Main  objective  of  the  diagnostic  was  to 
identify  differences  between  operation  in  the 
Teflon®  and  the  water  mode.  For  the  latter, 
only  configuration  (c)  (see  fig.2)  was 
utilized  for  the  results  presented  below.  As 
mentioned  above,  the  discharge  energy  was 
20  J  for  all  the  experiments. 

Double  distilled  water  was  utilized  for  all 
the  experiments  to  avoid  any  change  of  the 
permeability  coefficient  due  to  impurities  in 
the  water. 

Mass  consumption  evaluation 
The  two  different  modes  of  operation. 
Teflon®  mode  and  water  mode,  require 
different  methods  in  order  to  measure  the 
propellant  consumption.  The  mass 
consumption  in  the  Teflon®  mode  was 
evaluated  by  measuring  the  weight  of  the 


Teflon®  bar  (2.54x2.54x2.54  cm)  before  and 
after  a  run.  In  order  to  avoid  transition 
effects^  and  to  minimize  error  due  to  the 
weight  balance  (Mettler  AEIOO)  a  long  time 
run  was  conducted.  The  total  run  time  was 
nearly  12  hours,  split  into  a  4  hours  and  a  7 
hours  period.  Every  two  hours  the  thruster 
was  switched  off  for  about  a  minute  for  a 
visual  check.  The  discharge  frequency  was 
1 .2  s'^,  resulting  in  a  total  amount  of 
discharges  of  51,250.  Before  measuring  the 
Teflon®  bar  after  the  experiment,  it  was 
allowed  to  adjust  to  the  humidity  of  the 
environment  for  24  hours.  The  mass  loss  per 
discharge  was  evaluated  to  be  34.8 
pg/discharge. 

The  evaluation  of  the  amount  of  water 
propellant  utilized  per  discharge  is  not  as 
straight  forward.  It  is  assumed  that  the 
discharges  utilizes  material  from,  at  least. 
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three  sources:  ablated  Teflon®,  water  stored 
in  the  capillaries  of  the  porous  material,  in 
Ithe  following  called  5ms  and  water  vapor, 
which  is  already  between  the  electrodes  at 
the  time  of  die  discharge  initiation,  denoted 
in  the  following  with  8mv.  While  a  first 
approximation  for  Smy  based  on  the 
background  pressure  in  the  vacuum  chamber 
is  relatively  straight  forward,  this  is  not  the 
case  for  5ms.  In  order  to  estimate  the 
magnitude  of  5ms  the  knowledge  of  several 
still  unknown  parameters  is  necessaiy.  To 
name  only  two  of  the  most  important,  the 
degree  of  saturation  of  the  ceramic  with 
water  vapor  and  the  thickness  of  the  layer 
below  the  ceramic  surface  which  is  depleted 
of  water  by  the  discharge. 

Discharge  current  and  voltage 
measurements 

During  thruster  operation  the  discharge 
current  and  voltage  were  monitored.  For  the 
latter  a  standard  voltage  probe  (Tektronix 
P5100,  xlOO,  2.5kV  peak)  was  utilized  to 
measure  the  voltage  across  the  capacitor. 
The  discharge  current  was  measured  by  a 
house  made  Rogowsky  coil,  which  was 
calibrated  with  a  Pearson  Current  monitor 
#5046.  The  Rogowsky  coil  is  attached 


around  the  hot  stud  of  the  capacitor  and  is 
connected  to  the  oscilloscope  via  a  RC 
integrator. 

In  figure  6  the  discharge  currents  between 
the  Teflon®  and  the  water  mode  are 
compared.  In  order  to  reduce  errors 
introduced  by  shot-to-shot  variations  each 
curve  is  the  result  of  an  averaging  process 
including  5  measurements.  The  third  curve 
in  figure  6  represents  operation  of  the 
thruster  with  the  configuration  (c)  but  with 
no  water  supply.  This  measurement  is 
important  to  distinguish  the  differences  due 
to  the  unique  design  of  the  configuration  (c) 
and  effects  due  to  the  water  itself.  It  is 
obvious  from  the  comparison  that  the  simple 
exchange  of  a  Teflon®  bar  with  the 
configuration  (c)  does  not  change  very  much 
(see  table  1).  Even  though  the  addition  of 
the  ceramic  inlay  reduces  the  Teflon® 
surface  available  for  ablation  nearly  40%, 
the  discharge  seems  to  find  enough  material 
to  sustain  itself  and  produces  discharge 
currents  only  10%  lower  than  in  the  case  of 
a  standard  Teflon®  case.  This  changes 
dramatically  when  water  is  supplied.  The 
discharge  current  peaks  are  much  lower  and 
the  time  until  current  reversal  is  prolonged. 


Fig.  6:  Examples  of  the  discharge  current  for  standard  Teflon®  and  the  configuration  (c)  with  and  without 
water 


Measuring  the  discharge  curves  allows  also  circuit  consists  of  the  capacitor,  the  leads 

determination  of  the  circuit  parameters.  The  from  the  capacitor  to  the  electrodes  and  the 
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plasma  discharge  itself.  Each  component  has 
is  own  resistance  and  inductance.  Since  for 
all  three  curves  above  the  thruster 
components  like  capacitor  and  leads  were 
the  same,  a  comparison  of  the  overall  circuit 
parameters  will  give  insights  into  the 
discharge  plasma  itself  and  how  it  changes 
when  water  is  introduced. 

The  total  circuit  inductance  and  resistance 
were  calculated  with  equation  3  and  4  and 
are  summarized  in  table  1: 

T-IL  1 

'  C 


T 


(  r  ^ 


(4) 


with  the  period  T  (sec)  of  the  sinusoidal 
discharge  current,  the  capacitance  C  (pF)  of 
the  capacitor  (30pF),  the  circuit  inductance 
L  (nH),  the  circuit  resistance  R  (Q)  and  the 
discharge  peak  currents  Ii  and  I2. 


Period  T 
Iasi 

1./12 

[kA/kA] 

L 

[nH] 

R 

[mQ] 

Teflon 

7.3 

18.3/7.3  = 
2.5 

45 

11.3 

Config.(c), 
no  water 

6.8 

16.3/6.3= 

2.6 

39 

10.9 

Config.(c), 

water 

10.4 

13.0/2.23= 

5.8 

91 

31 

Table  1 :  Comparison  of  the  circuit  parameters 


Langmuir  probes 

Electron  temperature  and  number  density 
were  determined  from  a  semi-graphical 
analysis  of  the  current  voltage  characteristic 
of  a  double  Langmuir  probe.  The  utilized 
system  includes  the  double  Langmuir  probe, 
a  supporting  floating  probe  circuit  and  an 
oscilloscope  (Tektronix,  TDS  420A). 

The  Langmuir  probe  consists  of  two  probe 
elements  made  of  0.127  mm  diameter 
tungsten  wire  with  an  exposed  surface 
length  of  1  cm.  The  two  tips  are  separated 
by  a  distance  of  5  mm.  The  probe  circuit 
keeps  the  tips  of  the  probe  on  a  certain 
voltage  potential  during  a  measurement. 
When  the  tips  get  in  contact  with  the  plasma 
ejected  by  the  thruster,  a  current  between  the 
two  tips  will  develop.  For  a  given  probe 
geometry  the  magnitude  of  this  current  is 


only  a  function  of  the  state  of  the  plasma 
and  the  applied  voltage  difference.  This 
current  is  measured  by  a  Tektronix  probe 
current  (P6021),  which  is  connected 
between  the  probe  circuit  and  the 
oscilloscope. 

To  minimize  distortion  of  the  current  signal, 
the  probe  tips  were  frequently  cleaned 
through  electrical  means  (glow  cleaning). 
The  glow  cleaning  circuit  consists  of  a  high 
voltage  power  supply  (Keithley  Instruments, 
#246)  connected  to  the  probe  via  a  100  kQ 
resistor  to  avoid  excessive  currents  in  the 
cleaning  circuit.  By  applying  a  voltage 
difference  of  around  500  V  to  the  tips  of  the 
probe  a  small  current  between  the  two  tips  is 
generated,  which  -  by  means  of  ion 
bombardment  -  then  cleans  them.  The 
polarity  of  the  probe  was  switched  several 
times  to  assure  that  both  tips  are  evenly 
clean.  For  this  process  it  was  not  required  to 
open  the  vacuum  chamber,  however  to  be 
effective  it  was  necessary  to  allow  the 
pressure  in  the  vacuum  chamber  to  rise  up  to 
about  300-500  mT. 

With  the  probe  geometry  as  described  above 
and  expected  values’®  for  the  electron 
temperature  between  1  to  4  eV  and  number 
densities  between  lO’®  -  10^'  m’^  both 
requirements  for  collisonless  condition”  are 
satisfied  (r^  «4,4  and 


>  Xjj)  and  the  following  semi- 


graphical  method  to  evaluate  the  electron 
temperature  and  density  can  be  utilized.  This 
method  requires  determination  of  the 
current-voltage  characteristic  of  the  probe’^ 
from  which  the  electron  temperature  Te  and 
density  Ug  can  be  computed  with  tlie 
following  approximate  equations: 


el 

rp  _  ■*  sat 

2-k 


dV 

dl 


A„  -i 


k-Z 


v=o 

n-0.5 


Itt  •  m. 


(5) 

(6) 


/y 


with  the  current  collecting  surface  of  the 
probe  Ap,  the  electron  charge  e  (1.6x10'’® 
C),  the  Boltzmann  constant  k  (1.38x10'"^ 
J/°K),  the  saturation  current  Lat,  the  average 
mass  of  ions  mi,  the  electron  temperature  Tg 
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(°K,  leV=ll,000°K)  and  the  slope  of  the 
current-voltage  curve  dV/dl  for  V=0.  Isat  and 
,  dV/dl  (V=0)Tefion  are  indicated  in  fig.  7  for 
demonstration  purpose. 

The  typical  shot-to-shot  variations  of  PPTs 
are  present  in  the  Langmuir  probe 
measurements  (even  more  pronounced  in  the 
water  mode  than  in  the  Teflon®  mode). 
Therefore  it  was  necessary  to  average 
several  measurements  to  obtain  meaningful 
results.  Two  current-voltage  characteristics, 
one  for  the  Teflon®  and  one  for  the  water 
mode,  are  depicted  in  figure  7.  Every  point 
in  this  figure  represents  in  average  7 
measurements  taken  in  a  time  frame  of 
about  2  minute.  Before  proceeding  to 
another  probe  voltage,  the  pressure  in  the 
vacuum  chamber  was  allowed  to  rise  in 
order  to  glow  glean  the  probe  as  described 
above.  Then  the  chamber  was  pumped  down 
again  and  another  run  was  started. 


Fig.  7:  I-V  characteristic  for  water  and  Teflon® 
at  a  location  7.6  cm  downstream  of  the  thruster’s 
exit  plane  (dashed  lines  represent  third  order 
polynomial  fits). 

Based  on  the  figure  7  and  equation  5  and  6, 
electron  temperatures  for  the  Teflon®  and 
water  mode  of  2.6  eV  and  3.1  eV 
respectively  are  calculated. 

In  order  to  calculate  the  number  density  it  is 
required  to  estimate  the  average  molecular 
mass.  For  the  Teflon®  mode  an  average 
molecular  mole  mass  of  3 1  g/mol  or 
molecular  mass  of  5.1 46x1 0‘‘*  kg 


respectively  was  assumed’^.  This  results  in 
an  electron  number  density  of  9.3x10"°  m'°. 
The  exhaust  plume  in  the  water  mode  is 
composed  of  the  dissociation  products  of 
Teflon®  and  water.  As  a  first  approximation 
for  the  average  atomic/molecular  mass  in  the 
plume  it  is  assumed  that  the  water-Teflon® 
ratio  in  the  plasma  is  equal  to  the  ratio  of 
ceramic  surface  to  Teflon®  ablation  surface 
in  configuration  (c),  Ac/Aj  =  0.4.  Further 
assuming  that  the  dissociation  products  of 
the  Teflon®  still  have  an  average  molecular 
mass  of  5.146x10'^°  kg  and  the  water  is  fully 
dissociated  with  an  average  atomic  mass  of 
9.9x10'^’  kg,  this  results  in  a  total  average 
particle  mass  of  3.5x10'^^  kg  and 
subsequently  in  an  electron  number  density 
of  4.9x1 0^°  m'^  for  the  water  mode. 

The  Langmuir  probe  measurements  include 
further  important  information,  the  time  of 
arrival  (TOF).  The  time  difference  between 
two  TOF  measurements  at  two  locations 
downstream  of  the  thruster  exit  plane  allows 
to  determine  the  thruster  exhaust  speed.  Fig 
8  and  9  show  the  Langmuir  probe  signal  for 
the  Teflon®  and  the  water  mode  at  two 
different  locations,  at  7.6  cm  (3.0  inches) 
and  11.4  cm  (4.5  inches). 

In  fig.  8  it  can  be  clearly  seen  that  the  probe 
signal  in  case  of  the  water  mode  detects  an 
earlier  arrival  of  the  plasma  front  compared 
to  the  Teflon®  mode  (indicated  by  the  earlier 
rise  of  the  signal).  This  time  difference 
increases  at  a  distance  further  downstream 
(fig.9),  supporting  the  conclusion  that  the 
time  lag  is  due  to  two  plasma  fronts  moving 
with  different  velocities. 

The  term  velocity  is  this  context  must  be 
seen  as  a  rather  crude  term  since  the  plasma 
exiting  the  thruster  consists  of  particles  with 
velocities  vaiying  over  a  large  range 
(indicated  by  the  broadening  of  the  peaks). 
However,  in  order  to  allocate  an  exhaust 
velocity  to  the  two  different  modes  it  was 
decided  to  exploit  the  pronounced  first  peaks 
in  fig.  8  and  9.  Knowing  the  time  difference 
between  the  occurrence  of  a  peak  at 
different  location  allows  to  calculate  an 
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average  plasma  velocity.  TOF  for  the  water  mode  and  10.6  km/s  for  the 

measurements  were  conducted  at  7.6  cm  Teflon®  mode  were  calculated. 

(3.0  in),  and  11.4  cm  (4.5  in).  Based  on 
these  measurements  velocities  of  22.3  km/s 


Fig.  8:  Langmuir  probe  current  for  the  Teflon®  (dashed)  and  water  mode  (solid)  and  for  different  probe 
voltages  at  a  location  7.6  cm  downstream  of  the  thrusters  exit  plane 


Fig.  9:  Langmuir  probe  current  for  the  Teflon®  (dashed)  and  water  mode  (solid)  and  for  different  probe 
voltages  at  a  location  1 1 .4  cm  downstream  of  the  thrusters  exit  plane 


Discussion  of  the  experimental  results  with  standard  Teflon®  propellant.  This  result 

Different  types  of  measurements  showed  is  indicative  of  the  reduced  average 

clear  indications  that  water  is  utilized  in  the  molecular  weight  in  the  plasma  plume, 

discharge  of  the  pulsed  plasma  thruster.  However,  the  gain  in  exhaust  velocity  is  still 

Time  of  flight  measurements  showed  smaller  than  the  predicted  one  based  on  the 

exhaust  velocities  more  than  twice  as  high  comparison  of  the  average  mol  weight  (31 

when  water  was  introduced  into  the  g/mol  for  Teflon®  and  6  g/mol  for  fully 

discharge  compared  to  the  ones  achieved  ionized  water).  The  reason  for  this 

observation  is  two  folded:  (i)  The  plasma 
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consists  of  a  mixture  of  water  and  Teflon®, 
thereby  increasing  the  average  particle 
weight  compared  to  it’s  theoretical  limit  and 
reducing  the  average  exhaust  velocity  and 
(ii)  the  discharge  currents  decrease 
significantly  when  water  is  fed  into  the 
tliruster,  decreasing  thereby  the 
electromagnetically  contribution  to  the 
acceleration  significantly. 

The  cause  for  the  decrease  of  discharge  peak 
currents  is  still  investigated.  It  can  be  only 
partially  explained  by  an  increase  of  the 
time  varying  inductance  due  to  the  increase 
in  plasma  velocity.  The  initial  assumption 
that  not  enough  water  is  supplied  and  the 
discharge  is  starved  is  contradicted  by  the 
measurements  shoAvn  in  fig.  6.  The  amount 
of  water  participating  in  the  discharge  is  still 
an  unknovra  variable.  The  amount  of 
vaporized  water  vapor  between  the 
electrodes  actually  might  be  too  big, 
therefore  increasing  the  plasma  resistance. 
Another  possibility  might  be  that  some 
properties  of  the  water  itself  cause  the 
increase  of  the  plasma  resistance.  It  is  well 
known  that  in  air  for  certain  conditions  the 
presence  of  water  vapor  can  for  example 
significantly  increase  the  breakdown 
threshold. 

The  higher  electron  temperature  in  case  of 
the  water  mode  is  a  further  indication  of  the 
existence  of  water  in  the  thruster  plume, 
even  though  the  difference  between  the 
water  mode  (3.2eV)  and  the  Teflon®  mode 
(2.6eV)  is  too  small  to  allow  further 
interpretations. 

Conclusion 

A  simple  and  robust  water  feed  system  for  a 
Pulsed  Plasma  Thruster  was  designed,  built, 
and  tested.  The  configuration  utilized  for  die 
present  paper  results  in  a  plasma  composed 
of  dissociation  products  of  Teflon®  and 
water.  Time  of  flight  measurements  showed 
an  increase  of  exhaust  velocities  of  a  factor 
2  when  water  is  added  to  the  Teflon® 
compared  to  a  case  where  only  Teflon®  is 
‘present.  Furthermore,  the  addition  of  water 
causes  a  slight  increase  of  measured  electron 
temperature.  Measurements  of  the  discharge 


currents  showed  an  increase  in  both,  plasma 
inductance  and  resistance.  The  reason  for 
this  phenomenon  is  still  under  investigation. 
A  separated  experiment  has  been  designed 
and  built  to  support  the  search  for  suitable 
media,  which  can  be  used  for  the  water  feed 
system.  However,  further  efforts,  both 
theoretical  and  experimental  have  to  he 
made  ’  to  better  understand  the  water 
transport  in  the  diffusion  media.  This  is 
especially  important  with  regard  to  the 
amount  of  water,  which  is  available  at  the 
time  of  discharge  initiation  since  this  might 
give  insight  into  the  dominant  plasma 
processes  and  therefore  explain  the  observed 
reduction  of  the  discharge  current. 
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A  water  fed  Pulsed  Plasma  Thruster  offers  a  variety  of  advantages  over  the  standard  Teflon  propellant. 
Experimental  work,  supported  by  numerical  calculations,  has  shown  that  utilizing  water  results  in  an 
increased  PPT  performance  and  thereby  broadens  the  range  of  mission  applicability  of  PPTs. 
Furthermore,  utilizing  water  offers  the  possibility  of  integration  of  PPT  technology  into  In-Situ-Resource- 
Utilization  mission  and  of  reduced  space  vehicle  contamination  caused  by  the  thruster  plume. 

A  simple  and  robust  water  propellant  feed  system  is  presented.  The  conceptual  design  of  the  propellant 
feed  system  is  based  on  migration  of  the  propellant  through  a  suitable  porous  material.  The  sensitive  issue 
of  supplying  the  water  at  the  right  time  to  the  main  discharge  was  resolved  by  injecting  the  water  mass  bit 
together  with  the  spark  plug  discharge.  In  the  present  paper  a  preliminary  experimental  investigation  of 
this  system  is  presented.  Results  from  a  PPT  utilizing  Teflon  propellant  are  presented  for  comparison. 
Langmuir  probe  measurements  indicate  that  in  case  of  water  the  degree  of  ionization  in  ±e  plume  is  much 
higher.  Furthermore,  measurements  of  the  impact  pressure  in  the  plume  of  the  PPT  indicate  a  specific 


impulse  several  factors  higher  than  achievable  wi 

Introduction 

Pulsed  Plasma  Thrusters  are  widely  utilized  due  to 
their  low  power  requirements,  simplicity,  and 
reliability.  Their  main  task  consists  of  north-south 
stabilization  of  satellites.  However,  the  above  listed 
attributes  could  also  qualify  them  for  future  mission 
like  visits  to  the  outer  regions  of  our  solar  system. 
But  to  be  part  of  a  future  space  exploration  scenario  it 
will  be  necessaiy  to  improve  their  performance  with 
regard  to  their  limited  specific  impulse  and  their  low 
efficiencies. 

One  possibility  to  achieve  these  goals  is  the 
utilization  of  propellants  other  than  the  traditionally 
used  Teflon®.  Efforts  to  find  a  promising  alternative 
to  Teflon  included  LiOH  seeded  Teflon  and  different 
kind  of  thermoplastics  like  Halor,  Tefzel^  variation 
of  the  ablative  surface  properties^,  and  Teflon  of 
different  densities,  porosities,  and  level  of  carbon 
contains^. 
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Two  years  ago  an  effort  to  utilize  water  as  propellant 
for  PPTs  was  initiated  at  the  Plasma  Dynamic  and 
Propulsion  Laboratory  of  The  Ohio  State  University. 
The  advantages  of  water  are  numerous.  Numerical 
simulations  have  shown  a  improvement  in  the  thrust- 
to-power  ratio"^,  water  is  nontoxic,  it  seems  to  be 
abundant  in  space  (e.g.  on  comets  or  in  the  Jovian 
system  etc.),  it  might  reduce  plume  contamination, 
and  it  can  be  shared  with  oilier  systems  like  life 
support  systems  or  the  main  propulsion  system  (for 
example  in  case  of  a  NERVA  type  main  propulsion 
system)  -  to  name  only  some  of  the  most  important 
advantages. 

Main  objective  of  this  research  was  to  develop  a 
propellant  feed  system,  which  preserves  the  inherent 
simplicity  of  PPTs.  In  particular,  it  was  aimed  to 
avoid  the  complicated  process  of  timing  the 
propellant  delivery  with  the  discharge  initiation  -  a 
problem,  which  cannot  be  avoided  when  using  valves 
of  any  kind.  An  investigation  into  a  passive  water 
feed  system  was  initiated.  The  philosophy  here  was 
to  supply  water  into  the  vicinity  of  the  discharge  by 
allowing  the  water  to  diffuse  though  a  porous 
material^.  The  mass  flow  rate  of  such  a  system  is  in  a 
first  approximation  governed  by  Darcy’s  law: 
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rh  =  p-k-A-^  (l) 

al 

with  the  density  p  (kg/m^)  of  water,  the  coefficient  of 
permeability  k  (ms/kg),  the  cross  sectional  area  A 
(m^)  of  the  flow  and  the  pressure  gradient  over  the 
len^  of  the  diffusion  head  dp/dl  (N/m^m).  All  the 
variables  in  eq.  (1)  are  easily  adjustable  which  allows 
good  control  of  the  mass  flow  rate  over  a  large  range. 
Various  porous  materials,  including  ceramics  with 
different  porosities,  were  investigated.  Mass  flow 
rates  between  1  and  800  pg/s  were  obtained  by 
varying  the  thickness  1  and  the  contact  surface  A 
between  water  and  the  porous  material.  Subsequently 
a  thruster  was  designed  and  built  to  verify  the 
feasibility.  Successful  test  were  conducted  and  it  was 
shown  that  indeed  the  thruster  was  using  the  supplied 
water.  Additionally  higher  exhaust  velocities  were 
observed  with  water  compared  to  the  Teflon 
propellant^.  However,  one  major  concern  was  the 
relative  high  water  mass  flow  rate  necessary  to 


sustain  the  discharge.  This  resulted  in  large  losses  of 
propellant  between  two  discharges.  It  was  decided  to 
initiate  a  complete  redesign.  The  present  paper 
focuses  on  this  new  design  and  initial  experiments  to 
investigate  the  differences  between  a  PPT  using 
water  vs.  one  using  Teflon. 

Thruster  and  propellant  feed  system  design 
The  new  design  conserves  the  philosophy  of  a 
passive  propellant  feed  system.  The  water  di&ses  in 
a  constant  mass  flow  rate  through  a  porous  ceramic 
piece  (COTRONICS  902)  into  the  thn^ter.  However, 
instead  of  supplying  the  water  into  the  volume 
between  the  electrodes  of  the  thruster  as  it  was  done 
before,  it  is  now  fed  into  a  small  volume  in  front  of 
the  spark  plug  (see  figure  1). 

A  certain  amount  of  water  is  stored  in  the  structure  of 
the  porous  ceramic  piece,  while  a  small  amount 
lingers  in  the  volume  in  front  of  the  spark  plug. 


The  rest  escapes  through  the  small  slit  into  the  area 
between  the  electrodes  and  subsequently  into  the 
vacuum  chamber.  When  the  spark  plug  is  triggered 
it’s  discharge  pushes  the  water  out  of  the  volume  into 
the  region  between  the  electrodes  where  it  initiates 
the  main  discharge.  In  this  process  it  will  be  ionized 
and  accelerated  out  of  the  tWster.  By  following  this 
scheme,  the  major  challenge  of  supplying  the  water 
propellant  exactly  at  the  time  when  the  discharge  is 
initiated  has  been  circumvented.  Additionally  the^ 
possibility  of  a  pre-ionization  of  the  water  by  the 
spark  plug  itself  exists.  However  further  investigation 
have  to  be  conducted  in  order  to  resolve  this  issue. 

The  water  is  stored  in  a  small  reservoir  under 
atmospheric  pressure.  The  reservoir  itself  is  together 
with  the  thruster  located  inside  the  vacuum  chamber. 
The  thruster  design  is  identical  with  the  one  recently 
reported^’^.  It’s  design  is  such  that  is  can  also  operate 
with  Teflon  propellant  simply  by  removing  the 


cathode  with  the  water  feed  mechanism  and  replace  it 
with  a  standard  cathode.  When  the  thruster  is  used  in 
the  water  mode,  the  Teflon  block  is  replaced  with  a 
Boron  Nitrite  plate. 

Thruster  operation 

The  experimental  apparatus  utilized  for  this  work  has 
been  described  in  fee  literature  before^  and  only  the 
main  features  will  be  mentioned  here  again. 

The  vacuum  system  consists  of  a  roughing  pump  in 
conjunction  wife  a  turbomolecular  pump  and  allows 
to  reach  background  pressures  of  around  2x10'^  Torr 
in  a  relative  short  time.  The  discharge  current  in  a 
PPT  does  change  with  changing  background 
pressures.  This  is  mainly  -  but  not  only  -  a  function 
of  fee  number  density  or  air  molecules  present 
between  fee  electrodes.  The  magnitude  and  shape  of 
the  discharge  current  has  a  strong  influence  on  .fee 
thruster  performance  in  particular  on  fee  Teflon 
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ablation  rate.  In  order  to  compare  different  thruster 
configurations  with  each  oilier  they  should  be 
conducted  at  roughly  the  same  background  pressures. 
Due  to  the  different  molecular  weight  of  water 
compared  with  the  average  molecular  weight  of  air, 
the  pressure  readings  will  differ  when  the  thruster 
operates  in  the  water  mode.  To  accommodate  this 
fact,  a  correction  factor  ^  =  0.891^  (ImTorr  air 
pressure  corresponds  to  0.891  mTorr  water  pressure) 
for  the  ion  gauge  reading  is  necessary.  With  a 
background  pressure  for  the  thruster  tests  with  water 
of  1.1  “  1.2  X  10"^  Torr  and  for  the  tests  with  Teflon 
of  7.5  -  9.0  xlO'^  Torr  acceptably  close  conditions 
were  obtained. 

For  both  cases,  water  and  Teflon,  the  discharge 
frequency  was  chosen  to  be  1  Hz  ±2%.  The  thruster 
is  equipped  with  a  30  pF  capacitor  (Maxwell 
Laboratories  Inc.)  with  a  2  kV  rating  and  a  maximum 
peak  current  of  25  kA,  The  capacitor  is  charged  up  to 
816  V,  1150  V,  and  1414  V  equivalent  to  discharge 
energies  of  roughly  lOJ,  20  J,  and  30  J. 


Discharge  current  and  voltage 
During  thruster  operation  the  discharge  current  and 
voltage  were  monitored.  For  the  latter  a  standard 
voltage  probe  (Tektronix  P5100,  xlOO,  2.5kV  peak) 
was  utilized  to  measure  the  voltage  across  the 


house  made  Rogowsky  coil,  which  was  calibrated 
with  a  Pearson  Current  monitor  #5046.  The 
Rogowsky  coil  is  attached  around  the  hot  stud  of  the 
capacitor  and  is  connected  to  the  oscilloscope  via  a 
RC  integrator. 

A  comparison  for  the  discharge  cuirents  and 
capacitor  voltages  when  using  Teflon  vs.  water  is 
depicted  in  Fig.2  and  3.  The  well  known  shot-to-shot 
variation  in  terms  of  the  peak  current  is  in  both  case 
relative  small  (±1.5%  for  Teflon  and  ±2.5%  for 
water).  On  the  other  hand,  the  variation  in  onset  of 
the  discharge  current  is  for  water  roughly  ±0.5ps 
while  negligible  for  Teflon.  To  cope  with  these 
variations  an  averaging  method  was  applied.  Each 
curve  shown  in  fig.  2  and  3  represents  the  arithmetic 
average  of  5  single  measurements  as  mentioned 
above. 

It  is  evident  from  fig.2  that  in  case  of  water  the  peak 
discharge  currents  are  smaller,  the  discharge  is  more 
prolonged,  and  the  period  T  is  longer.  This  is  also 
mirrored  by  the  result  of  an  analysis  of  the  discharge 
current  with  regard  to  the  circuit  parameters:  while 
the  inductance  L  and  resistance  R  for  the  Teflon  case 
are  relatively  small  with  L=54  nH  and  R=  13.1  mQ, 
they  are  much  higher  for  water  with  L=91  nH  and  R= 
R=  35  mQ  respectively. 


capacitor.  The  discharge  current  was  measured  by  a 


Fig.3:  Comparison  of  capacitor  voltage  history  during  a  discharge  for  Teflon  and  water  propellant  (30  J) 


Mass  consumption 

The  Teflon  utilized  was  a  standard  type  with  a 
density  of  roughly  1.98x1  O^kg/m''.  In  case  of  the 
water  tests,  a  pyrex  re-distilled  water  was  used  to 
'  keep  the  percentage  of  impurities  low  (total  organic 
carbon:  1.8  mg/L,  total  silica:  l.lmg/L,  chlorides:  1 
mg/L). 

Due  to  the  different  ways  of  supplying  the  propellant 
to  the  discharge,  two  different  methods  to  evaluate 
the  mass  consumption  were  utilized  and  are  described 
in  the  following: 

A:  Teflon 

In  case  of  Teflon,  a  simple  weight  measurement  is 
sufficient.  The  mass  consumption  in  the  Teflon  mode 
was  evaluated  by  measuring  the  weight  of  the  Teflon 
bar  ('-2.54x2.54x2.54  cm)  before  and  after  a  run 
(MettlerAElOO). 

The  mass  bits  were  evaluated  for  10,  20,  and  30  J 
discharge  energy.  For  all  discharge  energies,  the 
thruster  was  operating  for  >5000  discharges.  Since 
the  temperature  was  not  monitored  for  these  runs  and 
in  order  to  avoid  excessive  heating  of  the  thruster,  all 
the  runs  were  split  into  two  with  a  1  hour  break 
between  them  (2  hours  in  case  of  the  30  J  test).  Table 
1  summarizes  the  ablation  results.  After  the 
conclusion  of  the  run  the  Teflon  bar  was  kept  in  an 
acclimatized  room  where  it  was  allowed  to  adjust  to 
the  humidity  of  the  environment  for  24  hours  before 
it’s  weight  was  measured. 

The  results  are  typical  for  a  PPT  of  this  kind  with  the 
exception  of  tlie  10  J  case.  In  the  10  J  case  a  slight 
carbonization  of  the  Teflon  ablation  surface  was 
observed.  This  is  assumed  to  be  the  reason  for  the 
unusual  low  ablation  rate  at  this  energy  level. 


Table  1:  Teflon  ablation  rates  for  various  discharge 
energies _ 


Discharge 

energy 

[J] 

#of 

discharges 

Ablation/discharge 

[fig] 

Ablation/unit 
of  energy 
[fig/j] 

10 

5400 

11.9 

1.19 

20 

5400 

27.5 

1.375 

30 

5500 

35.3 

1.18 

B:  Water 

The  water  consumption  rate  per  discharge  are 
evaluated  based  on  the  pressure  rise  in  the  closed 
vacuum  chamber.  For  these  mass  flow  tests,  the 
experimental  setup  is  slightly  changed.  Instead  of 
having  the  water  stored  in  a  reservoir  inside  the 
vacuum  chamber,  it  is  now  located  outside  the 
vacuum  chamber  and  connected  through  a  pipe  to  the 
ceramic  diffusion  disk  inside  the  chamber.  An 
electromagnetic  valve  separates  the  water  reservoir 
from  the  vacuum  chamber.  The  pressure  driving  the 
mass  flow  is  about  the  same  as  in  the  thruster 
experiments,  namely  one  atmosphere. 


Prior  to  the  mass  flow  rate  measurement,  the  vacuum 
chamber  was  pumped  down  for  a  period  of  28  hours. 
After  this  time  the  main  gate  valve,  separating  the 
vacuum  chamber  from  the  pump  system,  was  closed 
and  the  pressure  rise  in  the  vacuum  chamber  over 
time  (dp/dt)  was  monitored  (in  this  phase  the  pressure 
rise  is  due  mainly  to  vacuum  chamber  leaks).  The 

mass  flow  rate  of  air  causing  the  pressure  rise 


can  be  approximated  by 

fdp'^ 


m 


Air 


dtjR,,-T 


with  the  specific  gas  constant  (287  J/(kgK))  and 
the  temperature  T  (assumed  to  be  room  temperature, 
--300  K). 

After  the  pressure  in  the  chamber  has  reached  20 
mTorr,  the  electromagnetic  valve  was  opened, 
allowing  the  water  to  get  in  contact  with  the  porous 
ceramic  and  diffuse  through  it  into  the  vacuum 
chamber.  The  measured  (dp/dt)’  is  now  the  sum  of 

the  above  discussed  leakage  of  air  /w^^-^and  the 


additional  Water  mass  flow  rate  Th^20 

chamber  (see  fig.4).  The  latter  can  be  evaluated  with 
eq.  3: 


^H20  ” 


'  V  ] 

^dt  J 

R-HIO  'R j 

R 


-m 


Air 


Air 


R 


(3) 


'H20 


Fig.4:  Evaluation  of  the  water  mass  flow  rates 
(dashed  lines  are  line  fits  to  the  experimental  data  of 
(dp/dt)  and  (dp/dt)’ 


Analyzing  the  data  depicted  in  fig.4,  a  water  mass 
flow  rate  of  l.lpg/s  is  calculated.  Since  the  above 
described  mass  flow  measurement  is  conducted  under 
the  same  conditions  as  all  the  experiments  described 
here  and  in  part  II,  the  water  mass  flow  rate  of 
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l.ljxg/s  was  assumed  to  be  the  water  consumption 
during  the  experiments. 

Langmuir  probe 

Langmuir  probes  were  used  in  the  past  to  measure  the 
electron  temperature  and  density  of  a  Teflon  thruster 
in  comparison  with  a  water  thmster^.  However,  the 
purpose  of  the  Langmuir  probe  measurements  for  the 
present  paper  was  to  investigate  qualitatively  the 
difference  between  a  PPT  operating  with  water 
compared  to  an  operation  with  Teflon.  The  utilized 
system  consists  of  a  double  Langmuir  probe,  a 
supporting  floating  probe  circuit  and  an  oscilloscope 
(Tektronix,  TDS  420A). 

The  Langmuir  probe  itself  consists  of  two  probe 
elements  made  of  0.127  mm  diameter  tungsten  wire 
with  an  exposed  surface  length  of  1  cm.  The  two  tips 
are  separated  by  a  distance  of  5  mm.  The  probe 
circuit  keeps  the  tips  of  the  probe  on  a  certain  voltage 
potential  during  a  measurement.  When  the  tips  get  in 
contact  with  the  plasma  ejected  by  the  thruster,  a 
current  between  the  two  tips  will  develop.  For  a 
given  probe  geometry  the  magnitude  of  this  current  is 
only  a  function  of  the  state  of  the  plasma  and  the 
applied  voltage  difference.  This  current  is  measured 
by  a  Tektronix  probe  current  (P6021),  which  is 
connected  between  the  probe  circuit  and  the 
oscilloscope. 

To  minimize  distortion  of  the  current  signal,  the 
probe  tips  were  frequently  cleaned  through  electrical 
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means  (glow  cleaning).  The  glow  cleaning  circuit 
consists  of  a  high  voltage  power  supply  (Keithley 
Instruments,  #246)  connected  to  the  probe  via  a  100 
kQ  resistor  to  avoid  excessive  currents  in  the 
cleaning  circuit.  By  applying  a  voltage  difference  of 
around  500  V  to  the  tips  of  the  probe  a  small  current 
between  the  two  tips  is  generated,  which  -  by  means 
of  ion  bombardment  -  then  cleans  them.  The  polarity 
of  the  probe  was  switched  several  times  to  assure  that 
both  tips  are  evenly  clean.  For  this  process  it  was  not 
required  to  open  the  vacuum  chamber,  however  to  be 
effective  it  was  necessaiy  to  allow  the  pressure  in  the 
vacuum  chamber  to  rise  up  to  about  300-500  mT. 

Fig.5  compares  the  probe  signals  obtained  for  the 
different  midi  (water  vs.  Teflon).  Each  sub  figure 
includes  two  measurements  for  different  locations 
downstream  of  the  thruster.  The  voltage  potential  of 
the  Langmuir  probe  was  3  V  for  all  the  measurements 
in  fig.5. 

Immediately  recognizable  is  the  far  stronger  signal 
for  the  water  propellant.  At  the  2.54  location  it’s  peak 
magnitude  is  more  than  700%  higher  than  the 
respective  Teflon  signal.  This  result  is  especially 
intriguing  in  connection  with  the  above  discussed 
much  lower  discharge  currents.  However,  while  the 
signal  strength  in  case  of  Teflon  only  slowly  weakens 
with  increasing  distance  to  the  thruster,  the  water 
signal  vanishes  totally  beyond  a  distances  of  7  cm 
(for  a  probe  potential  of  3  V). 


Fig.5:  Comparison  of  the  history  of  the  Langmuir  probe  signal  for  Teflon  and  water  at  2.54  cm  (dashed  line)  and 
5.04  cm  (solid  line)  downstream  of  the  thrusters  exit  plane 


The  higher  Langmuir  probe  currents  are  indicating  a 
higher  degree  of  ionization  of  the  water  propellant 
compared  to  Teflon.  This  is  partially  due  to  the  fact 
that  more  energy  can  be  utilized  for  ionization 
processes  rather  than  being  deposit  in  vaporization 
arid  decomposition  as  it  is  in  the  case  of  Teflon. 
Additionally,  the  discharge  in  the  water  case  is 
supplied  with  less  material,  therefore  decreases  the 
plasma  densities  and  increases  the  ionization 
probability.  It  is  also  interesting  to  note  that  the  probe 


signal  in  the  case  of  water  is  more  defined  and  has  a 
shorter  duration  than  the  respective  signal  for  the 
Teflon  mode. 

Pressure  probe 

Pressure  probes  are  measuring  the  momentum  flux  of 
particles  in  general  and  are  not  restricted  to  charged 
particles  the  way  Langmuir  probes  are.  Therefore 
they  open  up  the  possibility  to  investigate  the  mass 
flow  as  a  function  of  time  with  the  potential  to 
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explain  the  critical  question  of  late  time  mass  losses 
in  a  PPT.  However,  for  the  present  paper  the  pressure 
probe  measurements  are  mainly  utilized  to 
investigate  qualitatively  the  differences  between  a 
PPT  using  Teflon  vs.  water.  The  probe  signal  for  the 
high  velocity  and  density  of  the  exhaust  flow  is  equal 
to  the  sum  of  the  static  and  the  dynamic  pressure  and 
can  be  expressed  in  the  following  way: 


P  impact  P  static  +  Pdyna 


=  (nh+n,)-k-T^+n^- m,  •  (4) 

with  the  heavy  particle  density  nh  and  the  electron 
density  n^  assumed  to  be  equal  (quasi  neutral 
plasma),  the  electron  temperature  Te,  the  average 
mass  of  the  ions  mi  and  their  exhaust  velocity  Uexit. 

The  here  presented  pressure  probe  was  designed  and 
utilized  originally  for  MPD  experiments^’^.  The 
probes  were  designed  to  withstand  the  relative 
extreme  conditions  of  a  plasma  environment  (thermal 
loads  and  electromagnetic  noise)  and  to  have  a  high 
■frequency  response.  The  core  of  the  pressure  probe  is 
a  disk  of  piezoceramic  material  (PZT-5A)  mounted  to 
a  backing  road  with  a  conducting'  epoxy  (see  Fig.6) 
The  disk  and  the  backing  road  are  encased  in  a 
conducting  shell,  separated  by  a  mylar  foil  around  the 
circumference  to  prevent  electric  contact  with  the 
piezoceramic  disk.  The  necessary  electric  contact 
between  the  front  of  the  piezoceramic  disk  and  the 
conducting  shell  is  provided  by  a  thin  layer  of  silver 
paint.  The  whole  unit  is  placed  in  a  quartz  tube, 
which  has  a  flat  fused  end.  A  coax  cable  provides  the 
electric  contact  to  the  electronic  circuitry  outside  the 
quartz  tube. 

The  quartz  tube  provides  electric  and  thermal 
protection  and  at  the  same  time  allows  stress  waves 
to  be  transmitted  to  the  piezoceramic  disk. 

In  the  occurrence  of  pressure,  a  charge  difference 
builts  up  across  the  element  and  is  manifested  as  a 
voltage  transmitted  through  the  connecting  coaxial 
cable  to  an  amplifier  and  a  line  follower.  The 
amplifier  and  the  line  follower  were  built  to  match 
the  output  of  the  probe  and  allow  the  charge  si^al  to 
be  transmitted  to  an  oscilloscope  as  an  amplified 
voltage  signal. 

It  is  well  known  that  the  plume  of  a  PPT  consist  of  a 
initial  front  consisting  of  ionized  particles  possessing 
a  relative  high  velocity.  By  impact  on  the  pressure 
probe  they  induce  strong  stress  waves  into  the  probe, 
which  initially  drowned  the  pressure  signal 
completely.  A  remedy  was  found  by  attaching  a 
buffer  on  the  front  face  of  the  probe.  This  buffer 
consists  of  a  thin  layer  (~2mm)  of  soft  plastic 
covered  with  a  1  mm  ihick  ceramic  disk  in  order  to 
avoid  ablation  of  the  plastic.  The  buffer  is  attached 
onto  the  probe  with  a  silicon  glue.  ’ 

Due  to  concerns  about  a  possible  deterioration  of  the 
buffer  or  the  silicon  glue  a  verification  measurement 
was  performed.  After  about  a  total  of  6  hours  of 


usage  of  the  probe,  the  probe  was  relocated  to  a 
former  position  and  a  measurement  imder  the  same 
conditions  was  performed.  The  results  show  no 
change  with  respect  to  the  time  of  arrival  or  time  of 
end  of  the  signal  and  only  marginal  changes  in  the 
magnitude,  which  are  well  below  the  normal  shot-to- 


Teflon 

Before  taking  any  measurements,  the  thruster  was 
allowed  to  discharge  for  several  minutes  to  avoid  any 
transition  effects.  The  shot-to-shot  variations  with 
regard  to  the  discharge  currents  discussed  above,  can 
also  be  observed  m  the .  impact  pressure 
measurements  -  although  they  are  smaller  than  in  the 
case  of  Langmuir  probe  measurements.  However,  in 
order  to  minimize  the  shot-to-shot  variations,  each 
graph  presented  in  the  following  represents  the 
arithmetic  average  of  5  successive  measurements. 
Pressure  probes  of  this  kind  are  charged  coupled 
devices  and  therefore  much  more  sensitive  to 
electromagnetic  noise  than  for  example  Langmuir 
probes.  An  additional  potential  source  of  noise  is  due 
to  impact  of  parts  of  ^e  plasma  plume  pn  the  probe 
support.  It  is  therefore  important  to  conduct  a  noise 
investigation  in  order  to  distinguish  noise  from  a 
signal  due  to  impact  on  the  sensing  head  of  the 
pressure  probe.  This  was  done  in  regular  periods  ^d 
whenever  the  probe  was  relocated  to  a  new  position. 
In  all  the  investigated  case  it  was  foimd  that  tihie  noise 
is  negligible  compared  with  the  main  signal.  The  only 
exception  is  an  initial  peak  (around  1-2  ps  into  the 
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discharge)  in  the  probe  signal.  It  was  found  that  the 
spark  plug  is  the  source  of  this  noise  signal. 

Figure  7  shows  the  pressure  probe  signal  for  different 
discharge  energies.  Figure  8  depicts  impact  pressure 
measurements  for  the  Teflon  PPT  at  3  different 
distances  to  the  thruster’s  exit  plane.  As  expected  the 
magnitude  of  the  signal  decreases  with  increasing 
distances  (the  plume  expands,  resulting  in  a  lower 


momentum  flux  for  locations  further  downstream), 
the  onset  of  the  signal  happens  later  and  the  length  of 
the  signal  increases  with  increasing  distances  (~0.8ps 
longer  for  the  15.2  cm  location  compared  to  the  5.1 
cm  location). 


Fig.  7:  Pressure  probe  signal  for  different  discharge  energies  at  5.1  cm  distance  from  the  thruster’s  exit  plane  for 


Fig.  8:  Pressure  probe  signal  at  different  distances  for  PPT  operating  with  Teflon  at  30  J 


Similar  to  the  results  obtained  with  the  Langmuir 
probe,  the  initial  strong  signal  is  followed  by  a 
weaker  signal  continuing  for  about  lOjis.  It  is 
interesting  to  note  that  for  the  same  location,  the 
onset  of  the  pressure  signal  is  delayed  with  respect  to 
the  onset  of  the  Langmuir  probe  signal.  This  delay 
increases  with  increasing  distance  to  the  thruster 
indicating  that  two  well  distinguished  particle  fronts 
are  observed:  a  initial  plasma  front  consisting  of 
mainly  ionized  particles  with  high  velocity  but 
relatively  low  density  followed  by  a  front  of  mainly 


neutrals  moving  slower  but  exhibiting  higher 
densities. 

Water 

The  impact  pressure  measurements  described  above 
were  repeated  with  water  as  propellant.  Since  the 
general  trends  are  the  same,  the  following  paragraph 
focuses  mainly  on  differences  between  the  two 
propellants  rather  than  following  the  same  scheme  as 
the  paragraph  above. 

Figure  9  shows  the  two  main  differences  between 
water  and  Teflon:  (i)  at  the  same  downstream 
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location  the  onset  of  the  signal  for  water  happens 
earlier  than  for  Teflon  and  the  time  difference 
increases  with  increasing  distance  to  the  thruster;  (ii) 


Fig.9:  Comparison  between  the  impact  pressure  signal 
downstream  locations  (for  30  J  discharge  energy) 


The  plume  of  the  PPT  consists  of  particles  with 
velocities  varying  over  a  large  range.  However  in 
order  to  extract  some  information  about  the  different 
velocities  indicated  in  fig.9,  a  comparison  of  the 
times  of  the  onset  of  the  signal  for  different  distances 
was  conducted.  Utilizing  the  data  depicted  in  fig.9,  a 
peak  velocity  of  46  km/s  for  the  Teflon  thruster  is 
calculated.  Repeating  this  calculation  for  water, 
results  in  a  peak  velocity  of  127  km/s.  The  larger 
velocity  for  water  is  attributed  to  the  lower  average 
mol  weight  for  water  (6g/mol)  compared  to  the 
average  mol  weight  of  Teflon  (31  .g/m_ol)^®  and  the 
lower  plasma  densities.  Note,  that  these  higher 
velocities  are  obtained  even  though  the  discharge 
currents  are  much  lower  for  water. 

Discussion 

A  simple  water  feed  system  was  designed  and  tested. 
It  is  based  on  the  diffusion  of  the  water  propellant 
through  a  porous  ceramic  piece,  driven  by  the 
pressure  difference  between  the  water  reservoir  and 
the  vacuum  chamber.  The  water  is  supplied  into  a 
region  close  to  the  spark  plug.  When  the  spark  plug 
discharges  it  feeds  the  water  automatically  into  the 
volume  between  the  thruster’s  electrodes  where  it 
initiates  the  main  discharge.  By  applying  this  scheme 
any  difficulties  connected  to  the  timely  provision  of 
the  propellant  to  the  discharge  were  circumvented. 
The  water  mass  bits  for  the  Teflon  and  water  mode 
were  evaluated.  While  the  mass  bits  for  Teflon  are 
between  12jLig/s  and  35  pg/s,  the  mass  bit  in  the  water 
mode  is  only  l.lpg/s.  Similar  to  the  Teflon  PPT  it  is 
unknown  yet  how  much  of  the  water  is  actually  used 
in  the  discharge.  However,  it  is  expected  that  the 


the  signal  strength  for  the  Teflon  propellant  is  larger 
than  for  water. 


when  using  water  (dashed)  vs.  Teflon  (solid)  for  two 


losses  are  lower  than  in  the  case  of  Teflon  due  to  the 
relative  small  size  of  the  supplied  propellant. 
Monitoring  the  discharge  currents  for  both  modes  it 
was  observed  that  the  peak  discharge  currents  in  the 
water  mode  are  about  40%  lower  than  in  the  Teflon 
mode.  However,  in  spite  of  the  lower  discharge 
currents,  preliminary  measurements  with  a  double 
Langiriuir  probe'  indicate  a  higher  degree  of 
ionization  in  the  water  plasma  than  it  is  the  case  for 
the  Teflon  mode.  A  possible  explanation  for  this 
observation  might  be  that  the  lower  density  of  the 
water  plasina  allows  a  better  ionization.  Additionally, 
less  energy  is  deposit  into  vaporization  and 
decomposition  of  the  water  than  it  is  the  case  for 
Teflon. 

Impact  pressure  measurements '  in  the  plume  of  the 
thruster  are  used  to  identify  further  differences 
between  the  two  modes;  they  indicate  a  more 
efficient  acceleration  process  with  the  water  plasma. 
Lower  impact  pressures  were  measured  in  the  water 
mode  than  in  the  respective  Teflon  mode.  This  is 
related  to  the  ihuch  smaller  mass  bits  provided  in  the 
water  mode.  However,  peak  particle  velocities  in  the 
water  mode  are  nearly  3  times  as  high  as  the  ones 
observed  in  the  Teflon  mode.  The  latter  suggests  a 
high  specific  impulse  and  higher  thruster  efficiency 
when  operating  with  water  propellant. 

Further  analysis  of  the  data  is  necessary,  especially 
focusing  on  a  time  resolved  mass  flow  analysis  in  a 
PPT  plume.  This  has  the  potential  to  provide  a  better 
understanding  of  the  critical  question  of  late  time 
mass  losses  in  PPTs.  This  analysis  will  be 
complemented  by  investigation  of  the  plume  with 
spectroscopic  means. 
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Utilizing  water  as  propellant  for  a  Pulsed  Plasma  Thruster  promises  various  advantages  such  as 
improved  performance,  increased  mission  applicability,  and  a  potentially  decreased  space  vehicle 
contamination.  A  new  Pulse  Plasma  Thruster  has  been  designed,  built,  and  tested.  The  thruster  is 
designed  such  that  operation  with  water  and  with  Teflon  is  possible,  thereby  allowing  a  direct 
comparison  between  a  standard  Teflon  PPT  and  a  PPT  operating  with  water.  To  feed  the  water 
into  the  thruster  and  at  the  same  time  to  retain  the  inherent  simplicity  of  Pulsed  Plasma  Thrusters, 
a  simple  and  robust  water  feed  mechanism  was  designed.  The  conceptual  design  of  the  propellant 
feed  system  is  based  on  diffusion  of  the  propellant  through  a  suitable  porous  material  and 
subsequently  injection  into  the  discharge  area  by  means  of  the  spark  plug. 

Impulse  bit  measurements  of  the  thruster  operating  in  Teflon  mode  were  conducted  using  a 
microthrust  stand  at  NASA  Glenn  Research  Center.  These  measurements  were  compared  with 
impulse  bit  measurements  using  a  pressure  probe.  The  veiy  close  fit  between  those  measurements 
allowed  a  quantification  of  the  expected  impulse  bit  of  the  thruster  operating  in  the  water  mode. 
Preliminary  performance  calculation  for  a  water  PPT  indicate  a  specific  impulse  of  up  to  12,000  s 
at  a  thruster  efficiency  of  more  than  24%. 


Introduction 

A  utilization  of  water  as  propellant  for  Pulsed 
Plasma  Thrusters  (PPT)  promises  a  variety  of 
advantages.  Numerical  calculations  predict 
higher  thrust-to-power  ratios  than  achievable 
with  a  standard  Teflon  thruster’,  water  is  non¬ 
toxic  and  it  is  easy  to  store,  even  for  long  periods 
of  time.  It  can  be  shared  with  other  key  systems, 
like  life  support  system  or  the  main  propulsion 
system  (Nerva  etc.).  Furthermore  a  PPT 
operating  with  water  fits  well  in  In-Situ- 
Resource-Utilization  (ISRU)  mission  scenarios. 
At  the  Plasma  Dynamic  and  Propulsion 
Laboratory  of  The  Ohio  State  University  an 
effort  was  initiated  to  design,  built,  and  test  a 
PPT  utilizing  water  as  propellant. 
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The  present  paper  is  the  second  part  of  two 
papers  dealing  with  this  system  and  mainly 
focuses  on  thruster  performance. 

The  details  of  the  water  PPT  have  been  discussed 
in  part  I  and  shall  only  briefly  be  reviewed  here. 
The  thruster  was  designed  such  that  it  can 
operate  with  Teflon  and  with  water’.  To  switch 
between  these  two  propellants  only  minor 
modifications  are  necessary.  When  operating 
with  Teflon  the  thruster  resembles  a  standard 
rectangular  PPT.  The  electrodes  have  a  length, 
width  and  gap  size  of  2.54  cm.  The  Teflon  is  fed 
between  the  two  electrodes  and  kept  in  position 
by  a  spring  mechanism  pushing  the  Teflon  bar 
against  a  retaining  shoulder  in  the  anode.  The 
main  discharge  is  initiated  by  a  spark  plug 
located  about  9  mm  downstream  (measured  from 
the  centerline  of  the  spark  to  the  Teflon  ablation 
surface). 

To  feed  water  into  the  discharge  a  different 
system  was  utilized  as  described  in  details  in  part 
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L  In  general,  the  water  is  diffusing  in  a  constant 
flow  rate  through  a  porous  ceramic  piece  into  a 
small  volume  in  front  of  the  spark  plug  (see 
figure  1).  A  certain  amount  of  water  will  be 
stored  in  the  structure  of  the  porous  ceramic 
piece,  while  a  small  amount  lingers  in  the 
volume  in  front  of  the  spark  plug.  The  rest  will 
escape  through  the  small  slit  into  the  area 


between  the  electrodes  and  the  vacuum  chamber. 
When  initiating  the  discharge  of  the  spark  plug, 
the  water  will  be  pushed  out  of  the  volume  into 
the  region  between  the  electrodes  where  it 
initiates  the  main  discharge.  In  this  process  it 
will  be  ionized  and  accelerated  out  of  the 
thruster. 


Thruster  operation 

For  both  cases,  water  and  Teflon,  the  discharge 
frequency  was  chosen  to  be  1  Hz  ±2%.  As 
described  in  part  I,  the  thruster  was  equipped  with  a 
30  |iF  capacitor  (Maxwell  Laboratories  Inc.)  with  a 
2  kV  rating  and  a  maximum  peak  current  of  25  kA. 
The  capacitor  was  charged  up  to  816  V,  1150  V, 
arid  1414  V  equivalent  to  discharge  energies  of 
roughly  lOJ,  20 J,  and  30  J.  The  discharge  current  in 
a  PPT  changes  with  changing  background 
pressures.  This  is  mainly,  but  not  only,  a  function 
of  the  number  density  of  molecules  present  between 
the  electrodes.  The  magnitude  and  history  of  the 
discharge  current  has  a  strong  influence  on  the 
thruster  performance  in  particular  the  Teflon 
ablation  rate.  In  order  to  compare  different  thruster 
configuration  with  each  other  they  should  be 
conducted  at  roughly  the  same  background 
pressures.  When  the  thruster  is  running  with  water, 
the  residual  gases  in  the  vacuum  chamber  consist 
mainly  of  water  molecules.  Due  to  the  different 
molecular  weight  of  residue  water  compared  with 
the  average  molecular  weight  of  residue  air,  the  ion 
gauge  (Varian,  type  0531)  pressure  readings  will 
differ  when  the  thruster  operates  with  water.  To 
accommodate  this  fact,  a  correction  factor  ^  = 
Q.891  for  the  ion  gauge  reading  is  necessary^ 
(ImTorr  air  pressure  corresponds  to  0.891  mTorr 
water  pressure).  Acceptable  conditions  were 


obtained  with  a  background  pressure  for  the 
thruster  tests  with  water  of  1.1  -  1.2  E-4  Torr  and 
for  the  tests  with  Teflon  of  7.5  -  9.0  E-5  Torr. 

Mass  consumption 

The  details  of  the  the  mass  consumption  rate 
evaluation  was  described  in  part  1.  In  general,  the 
mass  consumption  for  the  Teflon  was  evaluated  by 
a  simple  measuring  the  weight  of  the  Teflon®  bar 
(~2.54x2.54x2.54  cm)  before  and  after  a  run  with  a 
Mettler  AEIOO  weight  balance  (accuracy  ±  0.1  mg). 
The  mass  consumption  was  evaluated  for  10,  20, 
and  30  J  discharge  energies  and  are  summarized  in 
table  1. 

The  results  are  in  general  typical  for  a  PPT  of  this 
kind^.  When  the  thruster  was  operating  at  10  J  a 
slight  carbonization  of  the  Teflon  ablation  surface 
was  observed.  This  is  assumed  to  be  the  reason  for 
the  too  low  ablation  rate  at  this  energy  level. 


Table  1:  Teflon  ablation  results  for  various 
discharge  energies  : _ _ 


Discharge 

energy 

[J] 

#of 

discharges 

Ablation/discharge 

[ij^g] 

Ablation/unit 
of  energy 

10 

5400 

11.9 

1.19 

20 

5400 

27.5 

1.375 

30 

5500 

35.3 

1,18 

2 


Due  to  the  different  fashion  how  the  water  is 
supplied  to  the  discharge,  a  different  method  to 
evaluate  the  water  mass  consumption  was 
developed.  The  water  diffuses  through  the  porous 
ceramic  in  a  constant  mass  flow  rate.  To  measure 
the  magnitude  of  it,  a  slightly  different 
experimental  setup  is  used.  Instead  of  having  the 
water  stored  in  a  reservoir  inside  the  vacuum 
chamber,  it  is  now  located  outside  the  vacuum 
chamber  and  connected  through  a  pipe  to  the 
ceramic  diffusion  disk  inside  the  chamber.  An 
electromagnetic  valve  separates  the  water  reservoir 
jfrom  the  vacuum  chamber.  The  pressure  driving  the 
mass  flow  is  about  the  same  as  in  the  experiments, 
one  atmosphere.  During  a  period  of  24  hoxirs  the 
vacuum  chamber  was  pumped  down.  Subsequently 
the  main  gate  valve,  separating  the  vacuum 
chamber  from  the  pump  system,  was  closed  and  the 
pressure  rise  in  the  vacuum  chamber  over  time 
(dp/dt)  was  monitored.  After  a  certain  time,  the 
above  mentioned  electromagnetic  valve  was 
opened,  allowing  the  water  to  get  in  contact  with 
the  porous  ceramic  and  diffuse  through  it  into  the 
vacuum  chamber.  The  measured  (dp/dt)’  is  now 
different  due  to  the  additional  water  dif^sing  into 
the  vacuum  chamber  (see  figure  2).  By  evaluating 
the  difference  between  (dp/dt)  and  (dp/dt)’  a  water 
mass  flow  rate  of  1. 1  |ig/s  was  calculated. 


Fig.2:  Evaluation  of  the  water  mass  flow  rates 
(dashed  lines  are  line  fits  to  the  experimental  data 
of  (dp/dt)  and  (dp/dt)’ 


Thruster  impulse  measurements 
In  the  following  impulse  bit  measurements  made 
with  a  thrust  stand  at  NASA  Glenn  Research  Center 
(GRC)  are  correlated  to  the  impulse  bit 
measurements  made  with  the  pressure  probes.  The 
same  Teflon  thruster  configuration  was  used  for 
both  types  of  measurements. 


A:  Impulse  bit  from  thrust  stand  measurements 
Impulse  bit  measurements  were  performed  at 
NASA  (GRC).  A  torsional-type  thrust  stand, 
located  in  a  1.5  m  diameter  by  4.5  m  long  oil 
diffusion  pumped  vacuum  facility  (VF-3)  with  a 
typical  facility  base  pressure  of  2x10'^  Ton*  (0.27 
milliPa)  was  employed  to  measure  the  steady-state 
thrust  and  single  impulse  bit  magnitudes  for  the 
PPT  Teflon  thruste/.  The  thruster  configuration  is 
identical  to  the  one  used  in  tests  in  the  Plasma 
Dynamic  and  Propulsion  Laboratory. 


Fig.3:  PPT  installed  on  the  thrust  stand  (note:  no 
nozzle  was  used  in  these  tests) 

For  the  single  impulse  bit  measurements,  the 
reported  values  represent  an  average  of  ten  pulses. 
The  steady-state  thrust  was  measured  while  the 
thruster  was  operating  continuously  for 
approximately  five  minutes  at  a  frequency  of  1.17 
Hz.  Single  impulse  bit  and  steady-state  thrust 
measurements  were  performed  for  the  PPT  at 
energy  levels  of  10,  20,  and  30  Joules.  The  results 
of  these  tests  are  summarized  in  table  2. 

Table  2:  Impulse  bit  results  for  the  Teflon  PPT 
measured  at  NASA  Glenn  Research  Center 


Discharge  energy 

[j] 

Impulse  bit 
[HN-S]  . 

10 

122 

20 

273 

30 

440 

B:  Impulse  bit  from  pressure  probe 

measurements 

For  the  present  paper,  the  pressure  measurements  in 
the  plume  of  the  PPT  were  intended  to  investigate 
the  difference  between  a  water  and  Teflon  thruster 
with  regard  to  the  impulse  bit,  exit  velocity, 
efficiency  etc.  The  details  of  those  pressure  probe 
measurements  are  described  in  part  L 
The  PPT  plume  is  highly  inhomogeneous  in  terms 
of  number  density,  velocity  etc.  In  order  to  obtain 
an  accurate  measurement  of  the  impulse  bit  it 
would  be  theoretically  necessary  to  conduct  impact 
pressure  measurements  in  a  complete  cross  section 
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Acs  of  the  plume.  The  probe  signal  for  the  high 
velocity  and  density  of  the  exhaust  flow  is  equal  to 
the  sum  of  the  static  and  the  dynamic  pressure  and 
can  be  expressed  in  the  following  way: 


P impact  P static  P dynamic 


(i) 

with  the  heavy  particle  density  Uh  and  the  electron 
density  assumed  to  be  equal  (quasi  neutral 
plasma),  the  electron  temperature  Te,  the  average 
mass  of  the  ions  mi  and  their  exhaust  velocity  Uexit- 
To  obtain  the  impulse  bit  the  pressure  probe 
output  has  to  integrated  over  the  cross  sectional 
area  of  the  plume,  Acs  and  over  time  t. 

'  (2) 


Fig.  4:  Schematic  of  the  expanding  plasma  front 
and  the  related  areas 


The  ■  constant  C  is  attributed  to  various  loss 
mechanism  like  thermal  losses  during  the 
momentum  transfer  from  the  plasma  to  the  probe, 
effects  due  to  a  possible  shock  in  front  of  the  probe, 
the  general  characteristic  of  the  probe  circuit 
(calibration  constant  of  the  probe  was  evaluated  in 
tihe  past  by  means  of  a  shock  tube),  and  differences 
in  the  vacuum  facility  (thrust  stand  tests  and  the 
pressure  probe  tests  were  done  in  different 
facilities).  Determination  of  C  is  in  general  not 
trivial  due  to  the  various  effects  mentioned  above. 
Additionally,  in  order  to  obtain  good  accuracy  it 
would  be  necessary  to  conduct  the  impact  pressure 
measurements  at  as  many  points  as  possible  across 
a  cross  section  Acs  of  the  plume.  For  the  present 
paper  a  different  method  was  chosen.  Having  the 
impulse  bit  measurements  from  NASA  Glenn 
Research  Center  allows  to  simply  correlate  these 
results  with  the  impact  pressure  measurements 
without’  being  concerned  about  the  losses 
mentioned  above.  Additionally,  a  comparison  of  the 
impact  pressure  measurements  at  one  location  on 
the  thrusters  axis  for  different  discharge  energies 
reveals  a  very  convenient  feet:  By  integrating  the 
impact  pressure  signals  obtained  for  10,  20,  and  30 
J  over  fee  duration  of  fee  signal  (see  fig.5),  it  was 
found  that  their  ratios  constitute  a  very  close  match 
to  the  respective  ratios  of  the  impulse  bit 
ineasurement  results  from  NASA  Glenn  Research 
Center  (as  it  should  be  since  neglecting  C  and  Acs 
results  only  in  a  systematic  error).  Therefore  one" 
single  pressure  probe  measurement  in  combination 
with  fee  assumption  feat  this  pressure  acts  on 
average  on  a  certain  area,  in  fee  following  called 
effective  area  Aeff  (see  fig.4),  allows  to  obtain  a 
good  estimation  for  C. 


The  effective  area  can  be  approximated  with  fee 
knowledge  of  fee  extend  fee  plasma  front  spreads 
out.  Measurements  of  fee  impact  pressure  in  the 
Teflon  mode  along  fee  x  and  y  axis  at  a  distance  of 
5.02  cm  were  performed  for  this  reason. 

It  was  found  feat  at  a  this  distance  fee  signal 
vanishes  at  around  a  (±x/±y)-location  of 
(±6cm/±6cm),  therefore  indicating  a  total  cross 
section  Acs  of  fee  plasma  front  of  about  150  cm^. 
As  a  first  approximation  was  defined  to  be 
equal  to  be  80  cm^.  Utilizing  eq.  (2)  and  fee  results 
of  fee  impulse  bit  measurements  at  NASA  GRC, 
fee  preliminaiy  value  for  C  was  evaluated  to  be 
equal  to  10.2. 

The  process  described  above  was  performed  for  a 
discharge  energy  of  30  j.  By  having  obtained  C  it  is 
now  possible  to  determine  the  impulse  bit  of  other 
configurations  or  energies  levels  simply  by 
measuring  the  impact  pressure  at  fee  same  location. 
The  values  for  fee  Teflon  and  the  water  thruster 
obtained  in  such  a  fashion  are  given  in  table  3.  A 
comparison  of  fee  such  obtained  impulse  bit  values 
with  fee  ones  measured  at  fee  NASA  Glenn 
Research  Center  thrust  stand  (fee  (*)  marks  the 
value  which  was  used  for  evaluating  C)  shows  a 
very  good  fit.  Furthermore,  fee  table  includes  the 
impulse  bit  values  for  fee  water  configuration 
solemnly  based  on  the  measurements  of  fee  impact 
pressure. 
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discharge  energy  on  the  thrusters  axis  at  5.04  cm 
downstream  (Teflon  mode) 


Fig.6:  Pressure  probe  signal  for  10,20,  and  30  J 
discharge  energy  on  the  thrusters  axis  at  5.04  cm 
downstream  (water  mode) 


Performance 

The  performance  calculations  in  the  following  have 
to  be  viewed  as  a  preliminary  result,  conducted  in 
order  to  understand  trends  rather  than  see  the  full 
potential  of  a  water  PPT.  Based  on  the  mass 
consumption  measurements  and  the  calibrated 
impact  pressure  measurements,  described  above, 
the  following  standard  equations  are  utilized  to 
calculate  the  specific  impulse  Ijp  and  efficiency  ti; 

j  _  ^bil 

sp  -  _ 

^toss-S 


_  ■‘‘bit 

^■E‘Tn,oss 

With  earth’s  gravitational  acceleration  g=9.81  m/s^ 
and  the  discharge  Energy  E.  The  results  of  these 
calculations  are  summarized  in  table  3. 

In  general,  the  performance  parameters  for  the 
thruster  using  Teflon  compare  well  to  similar 
thruster  types  like  the  LES-8/9  or  the  TIP-II 
(NOVA)^  The  unusual  low  ablation  rate  for  the  10 
J  case  is  attributed  to  an  observed  slight 
carbonization  of  the  Teflon  ablation  surface. 

The  specific  impulse  and  the  efficiencies  for  water 
are  several  fectors  higher  than  for  Teflon.  This 
result  is  attributed  to  the  lower  average  mol  weight 
for  water  (6g/mol)  compared  to  the  average  mol 
weight  of  Teflon  (31  g/mol)*  and  the  lower  plasma 
densities.  The  latter  is  of  course  due  to  the  low 
mass  bits  of  the  water  thruster. 


I  for  the  water  and  Teflon  mode 


X  J.  X xj 

Discharge 

energy 

[J] 

,  Impulse  bit, 
GRC 
fuN-sl 

Impulse  bit, 
Pressure  probe 
fuN-s] 

Mass  bit 
[pg/discharge] 

Specific  impulse 

[s] 

EfFicie 

iicy 

Teflon 

Water 

Teflon 

Water 

Teflon 

Water 

Teflon 

Water 

Teflon 

Water 

10 

122 

_ 

124 

47 

~1.1 

1060 

6.5 

20 

273 

281 

90 

27.5 

~1.1 

1040 

12 

18 

30 

440 

- 

440' 

128 

35.3 

~1.1 

1270 

11860 

9.1 

24.8 

Discussion 

Time  of  flight  measurements  in  the  plume  of  a 
water  PPT  suggested  that  much  higher  specific 
impulses  can  be  obtained  by  utilizing  water  as 
propellant  instead  the  standard  Teflon  propellant. 
In  an  effort  to  confirm  these  results,  impact 
pressure  measurements  in  the  plume  of  the  PPT 
using  Teflon  as  propellant  were  performed.  By 


correlating  these  measurements  with  impulse  bit 
measurements  on  a  torsional-type  thrust  stand  at 
NASA  GRC  it  was  shown  that  a  very  close  fit 
between  those  two  methods  exists.  This  very 
close  match  allows  to  evaluate  the  impulse  bit  of 
a  water  thruster  by  measuring  the  impact 
pressure  in  the  plume.  It  was  indeed  found  that 
with  such  a  thruster  much  higher  impulse  bits 
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and  efficiencies  can  be  obtained  compared  to  a 
standard  Teflon  thruster. 

However,  this  is  considered  to  be  a  preliminary 
results  since  it  is  unknown  yet  if  the  correlation 
constant  found  for  a  thnister  operating  with 
Teflon  can  simply  be  transferred  to  the  case  of  a 
water  thruster.  Effects  like  the  different 
composition  of  the  plasma  (dissociated  C2F4  vs. 
water)  might  make  it  necessary  to  eyaluate  a 
different  correlation  constant.  Fi^er  impulse  bit 
measurements  on  the  thrust  stand  at  NASA  GRC 
are  therefore  in  preparation.  These  planed 
measurements  will  also  include  mass  loss 
measurements  at  NASA  GRC  VF-3  to 
investigate  facility  effects  on  the  mass  loss 
magnitudes. 
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